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Abstract

This technical reference document was developed in the International Collaborative Project
to Evaluate Fire Models for Nuclear Power Plant Applications. This volume reports on the
results of the first task in the international collaborative project. The objective of the first
task was to evaluate the capability of fire models to analyze cable tray fires of redundant
safety systems in nuclear power plants. The evaluation of the capability of fire models to
analyze these scenarios was conducted through an international benchmark exercise.
Consideration of appropriate input parameters and assumptions, interpretation of the
results, and determination of the adequacy of the physical sub-models established useful
technical information regarding the capabilities and limitations of the fire models. The
participants in the benchmark exercise determined that results indicate that the models
provide a comprehensive treatment of most physical phenomena of interest in the
scenarios analyzed. The predicted trends from the models were found to be similar and
reasonable for their intended use. These fire models can provide useful results for nuclear
power plant fire safety analysis for the types of scenarios analyzed.
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Executive Summary

Objective

This technical reference document was developed in the International Collaborative Project
to Evaluate Fire Models for Nuclear Power Plant Applications. The objective of the
collaborative project is to share the knowledge and resources of various organizations to
evaluate and improve the state of the art of fire models for use in nuclear power plant fire
safety and fire hazard analysis. The project is divided into two phases. The objective of the
first phase is to evaluate the capabilities of current fire models for fire safety analysis in
nuclear power plants. The second phase will implement beneficial improvements to current
fire models that are identified in the first phase, and extend the validation database of
those models. Currently, twenty-two organizations from six countries are represented in the
collaborative project.

Problem

The first task of the international collaborative project was to evaluate the capability of
various fire models to analyze cable tray fires of redundant safety systems in nuclear power
plants. The evaluation of the capability of fire models to analyze these scenarios was
conducted through an international benchmark exercise. The benchmark exercise was
intended to simulate a basic scenario defined in sufficient detail to allow evaluation of the
physics modeled in the fire computer codes. An assessment of appropriate input
parameters and assumptions, interpretation of results, and determination of the adequacy
of the physical sub-models in the codes for specific scenarios will establish useful
technical information regarding the capabilities and limitations of the fire computer codes.
Uncertainties in the predictions based on validations of each code will provide a basis for
the confidence on the set of results developed in the exercise. Three zone, three
Computational Fluid Dynamic (CFD), and two lumped-parameter models were used by
eight organizations in the exercise.

A representative emergency switchgear room for a Pressurized Water Reactor (PWR)
was selected for the benchmark exercise. There were two parts to the exercise. The
objective of Part | was to determine the maximum horizontal distance between a specified
transient (trash bag) fire and a cable tray that results in the ignition of the cable tray. Part Il
examined whether a target cable tray will be damaged by a fire of a cable tray stack that is
separated by a horizontal distance, d. The effects of a fire door position (open & closed)
and mechanical ventilation system are examined in both parts of the benchmark exercise.

Results

For Part I, none of the analyses conducted for the benchmark exercise predicted the



ignition of the target cable (specified at 643 K) by the postulated trash bag fire for varying
ventilation conditions in the room. The predicted temperature rise for all the cases in Part |
were similar. Given the dimensions of the room and the heat release rate of the trash bag,
the maximum surface temperature of the target outside the fire plume region for all the
cases analyzed is less than 350 K. This temperature is much less than 643 K, which is
specified for target damage. The target cable may ignite only if it is in the plume region of
the fire. The temperature of the target cable is predicted to significantly increase when the
distance between the trash bag and cable is between 0.4 m and 0. 5 m, and the target is
exposed to the high plume gas temperature. The predicted maximum surface temperature
of the target in this region is predicted to be 550 K. Although the maximum predicted heat
flux from the plume incident on the target is predicted to be . 14 kW/m?, the duration of the
exposure is not long enough to increase the surface of the cable to the ignition
temperature. A fire of similar intensity sustained over a longer period could ignite the
cable. Based on this, one could establish a minimum horizontal safe separation distance?
of 1.0 m between the trash bag and the target cable.

The predicted maximum temperatures of the target cable, using a lower oxygen limit of 12
%, were below 400 K for all the cases analyzed in Part Il. The cable tray fire was limited
between 10 min and 15 min by the depletion of oxygen near the cable tray. Given the
elevation of the fire source and the predicted extinction of the fire, cable damage is unlikely
for the scenarios examined. The analysis of an elevated fire source is key to the accuracy
of the predicted result.

Input Parameters

The process for defining the input parameters for the fire models resulted in three main
issues: (1) specification of the fire source; (2) modeling of the target; and (3) value for the
lower oxygen limit (LOL). The specification of the fire source is fundamental to the input for
fire models, and can significantly affect the predicted thermal environment. The
specification of the above three parameters could lead to "user effects," and are the
largest sources of uncertainty in the predicted results from the input parameter
specification process for the types of scenarios examined in the benchmark exercise.

Verification and Validation

Verification is defined here as the process of determining that a model implementation
accurately represents the developer’s conceptual description of the model and the solution
to the model. Validation is defined as the process of determining the degree to which a
model is an accurate representation of the real world from the perspective of the intended
uses of the model.

The concept of safe separation distance is not directly applicablein dl countries,
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Verification

The results of the analyses indicate that the trends predicted by the sub-models are
reasonable for the intended use of the models for analyzing the specified scenarios. The
constitutive equations for mass and energy balances in the fire models provide a
reasonable prediction of the hot gas layer development and temperatures in the
compartment. The fire models generally provide an adequate method to balance and
estimate the concentration of oxygen. Mass flows that result from the pressurization of the
compartment, or natural and mechanical ventilation are reasonably predicted by the zone,
CFD, and lumped-parameter models. Convective and radiative heat fluxes to the
boundaries and target are comprehensively treated in the models but utilize different
approaches. The thermal response of the target is coupled to the thermal environment
created by the fire and would benefit from further investigation.

The analyses of the scenarios also demonstrate the complexity in modeling an elevated
fire source which can be affected by a limited oxygen environment. The extinction sub-
models utilized in the computer codes are approximations of the interaction of the complex
combustion process with a limited oxygen environment. Therefore, the results from the
extinction sub-models represent an approximation of the conditions expected for the fire
scenarios. The assumption for the LOL will affect the predicted peak target temperature.
Therefore, conservative assumptions are warranted due to the uncertainty in the extinction
models used in the computer codes. Also, the target sub-model in some of the computer
codes requires the specification of target orientation by the user. This may result in a non-
conservative result and a "user effect" since the orientation of the target will determine the
heat flux incident on it. This limitation may be overcome by establishing procedures for the
use of the models to obtain conservative and consistent results. In some cases it may be
difficult to define conservatism, therefore, the development of best-estimate methods may
be desirable.

The inclusion of emission/absorption due to soot, water vapor, and carbon dioxide may
play a significant role both in the radiation heat transfer to the target cable and also in the
general thermodynamics inside the compartment. The latter will influence various matters
including heat loss to the compartment boundaries and the mass flow rates through the
opening(s). Radiation from the flaming region will be important in determining damage to
cables close to the fire source.

Validation

Most of the fire models used in the benchmark exercise have been compared with test
data for fires ranging from 100 kW to 2.5 MW in compartments with volumes ranging from
10 m® to 1300 m® . The comparisons are generally satisfactory, with different accuracies
reported for the range of data sets. Tests conducted in a compartment with a similar
volume and fire source indicated that the relative variation of pressure, temperature, and
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oxygen concentration predicted with test data was within 20 %. The comparison of cable
surface temperature evolution was less successful due to the vertical temperature gradient
in the test data for the compartment and the vertical position of the target in the hot gas
layer. The validations of the fire models conducted to date indicates that they generally
provide a reasonably accurate representation of physical phenomena for the types of
scenarios in the benchmark exercise.

Although the exercise reported here did not include comparisons of model results with test
data, the analyses reported did include the comparison of the magnitudes of the
parameters predicted by different fire models. Generally, the predictions were similar.
Models developed independently, if based on the same fundamental laws, are expected to
produce similar results. Codes that produce similar results in a benchmark exercise
should accurately represent the physical phenomena modeled if the input parameters are
representative (in particular for the fire source), and at least one of the codes has been
validated for the studied configurations.

A distinction is made here between the variability of results due to differences in input
parameters and to differences in the physics of the model. As indicated earlier, different
assumptions of fire source power can significantly affect the results from the models. Other
important input data are the thermophysical parameters, e.g., the convective heat transfer
coefficient. It is judged that differences in model results due to the uncertainty of the models
is less than differences caused by variations in input data and assumptions.

Conclusions

The international panel determined that the analysis of the results of the benchmark
exercise demonstrates that current zone, CFD, and lumped-parameter fire models provide
a comprehensive treatment of most physical phenomena of interest in the scenarios
analyzed. The results indicate that the trends predicted by the sub-models are reasonable
for the intended use of the models for analyzing the specified scenarios. The results
obtained from these fire models can provide useful insights for nuclear power plant fire
safety analysis for the types of scenarios analyzed.

There are benefits to extending the current validation database, especially for target
response calculations. The continued validation of current models in international blind
exercises will add confidence for the widespread use of these models in nuclear power
plant fire safety analysis.

Most of the insights gained and conclusions drawn on the capabilities and limitations of
fire models from this benchmark exercise is applicable to a broad range of fire scenarios
expected in nuclear power plants. However, further benchmark and validation exercises
are necessary for some specific configurations such as large compartments (like the
turbine building) with large pool fires, multi compartments with horizontal and vertical vent



connections, and control room configurations. Insights on some further specific modeling
issues are likely to be developed from such exercises.



Foreword

This technical reference document was developed in the International Collaborative Project
to Evaluate Fire Models for Nuclear Power Plant Applications. The objective of the
collaborative project is to share the knowledge and resources of various organizations to
evaluate and improve the state of the art of fire models for use in nuclear power plant fire
safety and fire hazard analysis. The project is divided into two phases. The objective of the
first phase is to evaluate the capabilities of current fire models for fire safety analysis in
nuclear power plants. The second phase will extend the validation database of those
models, and implement beneficial improvements to the models that are identified in the
first phase. Currently, twenty-two organizations from six countries are represented in the
collaborative project.

This volume reports on the results of the first task in the international collaborative project.
The objective of the first task was to evaluate the capability of fire models to analyze cable
tray fires of redundant safety systems in nuclear power plants. The evaluation of the
capability of fire models to analyze these scenarios was conducted through an
international benchmark exercise. Three zone, three computational fluid dynamic (CFD),
and two lumped-parameter fire models were used by eight organizations in the exercise.
The benchmark exercise simulated a basic scenario defined in sufficient detail to allow the
evaluation of the physics modeled in the fire computer codes. Consideration of
appropriate input parameters and assumptions, and the interpretation of the results to
evaluate the adequacy of the physical sub-models established useful technical information
regarding the capabilities and limitations of the fire models. This technical information is
presented in this volume which is the first of a series of technical reference documents for
fire model users. The objective of the exercise was not to compare the capabilities and
strengths of specific models, address issues specific to a model, nor to recommend
specific models over others. Future volumes of this series will report on the findings of
other benchmark and validation exercises that are planned for this project.

This document is not intended to provide guidance to users of fire models. Guidance on
the use of fire models is currently being developed by several national and international
standards organizations, industry groups, and utilities. This document is intended to be a
source and reference for technical information and insights gained through the exercises
conducted, and provided by the experts participating in this project. This information may
be beneficial to users of fire models and developers of guidance documents or standards
for the use of fire models in nuclear power plant applications.
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1 Introduction

The 1st planning meeting of the International Collaborative Project to Evaluate Fire Models
for Nuclear Power Plant Applications was held at the University of Maryland at College
Park, USA, on October 25-26, 1999. Attendees at the meeting agreed to share their
knowledge and resources to evaluate and improve the state of the art of fire models for
use in nuclear power plant (NPP) safety. It was decided that the project would be divided
into two phases. The objective of the first phase would be to evaluate the capabilities of
current fire models (zone, CFD, and lumped-parameter) for fire safety analysis in NPPs.
The second phase will implement beneficial improvements to current fire models that are
identified in the first phase, and extend the validation database of those models. The
summary of the 1st meeting and the details of the objectives established for the project,
including the goals for the benchmark exercise reported in this document may be found in
NRC (2000). The benchmark exercise was defined at the 2nd project meeting at the
Institute for Protection and Nuclear Safety (IPSN), Fontenay-aux-Roses, France, on June
19 and 20, 2000. The summary of the 2" meeting is reported in NRC (2001).

The definition of the benchmark exercise is presented in Chapter 2. Chapter 3 provides a
summary of the main issues that arose in the consideration of input parameters and
assumptions for the scenarios in the exercise, and how participants decided to address
the issues. Chapter 4 presents a summary of the main results that were sought in the
definition of the benchmark exercise presented in Chapter 2. Chapter 5 finally provides a
discussion of the general conclusions and issues derived from the benchmark exercise.
Appendices A through | include the detailed results of the analyses for the benchmark
exercise conducted by participants using different fire models.

This international panel report was developed by the following members that contributed
either through the performance of analysis in the benchmark exercise, and/or by providing
peer comments at various stages of the exercise:

ALVAREZ, Alberto, IPSN, France
BARNETT, Jonathan, WPI, USA

BERG, Heinz-Peter, BFS, Germany
BERTRAND, Remy, IPSN, France
BOUTON, Eric, IPSN, France
BRANDES, Doug, Duke Power Co., USA
CASSELMAN, Chantal, IPSN, France
COUTTS, Alan, Westinghouse, USA
DEY, Monideep, NRC/NIST, USA
ELICSON, Tom, Fauske & Assoc., USA
GAUTIER, Bernard, EDF, France
HEITSCH, Matthias, GRS, Germany
IQBAL, Naeem, NRC, USA



JOGLAR, Francisco, SAIC/EPRI, USA
JONES, Geoffrey, NIl, UK

JONES, Walter, NIST, USA

JOYEUX, Daniel, CTICM, France
KAERCHER, Maurice, EDF, France
KASSAWARA, Bob, EPRI, USA
KESKI-RAHKONEN, Olavi, VTT, Finland
KLEIN-HESSLING, Walter, GRS, Germany
KLOOS, Martina, GRS, Germany
KRUPPA, Joel, CTICM, France
LACOUE, Jocelyne, IPSN, France
LEBEDA, Christian, TUV, Austria
MCGRATTAN, Kevin, NIST, USA
MILES, Stewart, BRE, UK

NAJAFI, Bijan, SAIC/EPRI, USA
PAGES, Olivier, EDF, France

PLYS, Marty, Fauske & Assoc., USA
REW, Peter, W S Atkins, UK

RIESE, Olaf, iBMB

ROEWEKAMP, Marina, GRS, Germany
ROY, Jean-Francois, EdF, France
SCHWINGES, Bernd, GRS, Germany
SUCH, Jean-Marc, IPSN, France

WILL, Juergen, iBMB, of Braunschweig Tech. Univ., Germany

The following organizations sponsored or collaborated with the organizations represented
at the meeting:

. Industry Management Committee, UK
. National Institute of Standards and Technology, USA

The main report of this document is a result of the collective efforts of the individuals and
organizations listed above. It is based on the separate reports included in the appendices
and discussions at project meetings on the task. The separate reports in the appendices
are authored by the analyst(s) identified in the title pages. It is not possible to provide all
the results and insights gained from the analyses presented in the appendices in the main
text. The reader is encouraged to review the discussions in the appendices to obtain a
more comprehensive understanding of the results of the benchmark exercise reported
here.






2 Definition of the Benchmark Exercise

2.1 Background

The benchmark exercise was developed to evaluate the capability of fire modeling
analyses to provide results for a probabilistic risk analysis (PRA). In a PRA study, fire
models are used to estimate the conditional probability of safe-shutdown equipment
damage given a postulated fire. The main fire protection features that effect the
development of a fire are:

» Automatic or manual isolation of the fire rooms by the closure of fire doors and
dampers.

* Automatic fire detection (detection by operators is also important).

» Fire suppression (automatic and manual) with gaseous suppression systems (Halon or
CO,), and nongaseous water-based suppression (sprinkler) systems.

In a PRA study, the target damage time is compared with the duration of a specific fire
scenario identified in an event tree. The conditional probability of damage to the safe
shutdown equipment is equal to the probability of that fire scenario if the damage time is
less than the duration of the fire scenario.

Given the state of the art of fire modeling, the adequacy of fire detection and suppression
is normally not included in fire modeling analyses to support a PRA. Therefore, the
benchmark exercise did not include the evaluation of these systems or events.

The benchmark exercise is for a basic fire scenario for an NPP defined in sufficient detail
to allow the evaluation of the physics modeled in the fire computer codes. This approach
is similar to that adopted by the CIB W14 effort (Keski-Rahkonen, 1998) for fire code
assessment. An assessment of appropriate input parameters and assumptions,
interpretation of results, and determination of the adequacy of the physical models in the
codes for specific scenarios will establish useful technical information regarding the
capabilities and limitations of the codes. Generic insights regarding the capabilities of the
models will also be developed in this process.

The comparisons between fire codes can be used to understand the physics in them, i.e.,
if all the codes produce similar results over a range of fire scenarios then the physics
modeled in the codes is probably adequate for the proposed scenario. However, the
compounding effects of different phenomena will also need to be evaluated. Some
uncertainty in the results may be acceptable depending on how the results will be used.
Uncertainties in the predictions of the fire models based on validations of each fire code
can provide a basis for the confidence on the set of results developed in the benchmark
exercise.



2.2 Procedure

The following procedure was adopted for the benchmark exercise:

Analysts should discuss and agree on the input data for the various fire codes that will
be used in the benchmark exercise. The goal is to analyze the same problem and
minimize the variation of results due to different input parameters. “User effects” will be
examined at a later stage.

The form of the results to be compared should be agreed upon by participants prior to
the commencement of the exercise.

Developers of the fire codes, and those not involved in the development of the codes,
can conduct the code analyses for the benchmark exercise.

Blind simulations will be conducted, i.e., each analyst will independently conduct his or
her analyses. The results will be shared between participants when all the analyses by
participants have been completed and the results are available. The results will be
simultaneously posted on the collaborative project web portal prior to a meeting of the
participants.

If desired, the same code (e.g., CFAST) can be used by different organizations since
this will provide useful information on whether the results vary with different users.
However, the same version of the code should be used (for CFAST, use Version
3.1.6).

A series of benchmark exercises will be defined and conducted in this project. This will
allow the evaluation of the full spectrum of fire model features and applications, and
facilitate the formulation of a comprehensive technical reference for users on the
capabilities and limitations of the current fire models.

2.3 Fire Codes Used in the Exercise

The following fire models were used in the benchmark exercise by the organizations listed:

NoahkwhE

Organization Codes
IPSN FLAMME-S (zone)
NRC/NIST CFAST (zone), FDS (CFD)
GRS COCOSYS (lumped parameter), CFX (CFD)
EdF MAGIC (zone)
BRE/NII CFAST, JASMINE (CFD)
iIBMB/GRS CFAST
CTICM MAGIC



A description of these models with references is presented in the Appendices that
document the results of analyses using the models.

2.4 Room Size and Conditions

A representative pressurized water reactor emergency switchgear room is selected for
this benchmark exercise. A simplified schematic of the room, illustrating critical cable tray
locations, is shown in Figure 1. The room is 15.2 m (50 ft) deep, 9.1 m (30 ft) wide, and
4.6 m (15 ft) high. The room contains the power and instrumentation cables for the pumps
and valves associated with redundant safe-shutdown equipment. The walls, floor and
ceiling are composed of concrete and 152 mm thick. The power and instrument cable
trays run the entire depth of the room, and are separated horizontally by a distance, D. The
value of D, the safe separation distance, is varied and examined in this problem. The
cable trays are 0.6 m (- 24 in) wide and 0.08 m (- 3 in) deep.

The postulated fire scenario is the possibility of the initial ignition of the cable tray labeled
as “A,” located at 0.9 m (. 3 ft) from the right wall of the room at an elevation of 2.3 m (7.5
ft) above the floor, by a trash bag fire on the floor. Cables for the redundant train are
contained in another tray, labeled “B,” the target. A horizontal distance, D, as shown in
Figure 1, separates tray B from tray A. The room has a door, 2.4 mx 2.4 m (8 ft x 8 ft),
located at the midpoint of the front wall, assumed to lead to the outside. The room has a
mechanical ventilation system with a flowrate of 5 volume changes per hour into and out of
the room. A constant flowrate of the mechanical ventilation system was assumed. The
midpoint of the vertical vents for the supply and exhaust air are located at an elevation of
2.4 m and have area of 0.5 m? each. The vents were assumed to be square and located at
the center of the side walls (parallel to the cable trays). The air was assumed to be
supplied from the outside through the right wall, and exhausted to the outside from the left
wall. The effects of the fire door being open or closed, and the mechanical ventilation on
and off were examined.

It was also assumed that other cable trays (C1 and C2) containing critical and non-critical
cables are located directly above tray A, and no combustible material is found between
trays A and B.

2.5 Objectives of Exercise

There are two parts to the benchmark exercise. The objective of Part | is to determine the
maximum horizontal distance between the trash bag fire and the target, tray A, that results
in the ignition of tray A. This information is of use in a fire PRA to calculate the area
reduction factor for the transient source fire frequency, which are derived to be applicable
to the total area of the rooms. Analyses of this part of the problem will also provide insights
regarding the capabilities of the models to predict simpler fire scenarios for risk analyses
than those associated with fires of redundant cable trays.
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The goal of the analyses for Part Il was to determine the time to damage of the target cable
tray B for several heat release rates of the cable tray stack (A, C2, and C1), and horizontal
distance, D. The effects of target elevation and ventilation were also examined.

2.6 Properties and Ambient Conditions

2.6.1 Properties

The following are properties used in Part | and/or Il of the exercise. Table 1 presents the
thermophysical data for the concrete walls, floor, and ceiling, and Table 2 lists the

thermophysical data for the electrical cables.

Table 1 Thermophysical Data for Walls, Floor, and Ceiling (Concrete)

Specific Heat 1000 J/(kg.K)
Thermal 1.75 W/(m.K)
Conductivity

Density 2200 kg/m?®
Emissivity 0.94

Table 2 Thermophysical Data for Cables

Heat of combustion of cable 16 MJ/kg
insulation

Fraction of flame heat released | 0.48

as radiation

Density 1710 kg/m3
Specific Heat 1040 J/(kg.K)
Thermal Conductivity 0.092 W/(m.K)
Emissivity 0.8

The chemical properties of cables are obtained from Tewarson (1995). The cable
insulation was assumed to be polyvinyl chloride (PVC) with a chemical formula of C,H;Cl,
and oxygen-fuel mass ratio of 1.408. The yields (mass of species/mass of fuel) of PVC
are listed in the following Table 3 from Tewarson, 1995.

Table 3 Yields for PVC

Species Yield
CO, 0.46
CcoO 0.063




HCI 0.5
Soot 0.172

The smoke potential of PVC is 1.7 ob.m?/g, where the smoke potential is defined as the
optical density (db/m or ob) x Volume of the compartment (m3)/mass of the fuel pyrolyzed

(9).

The following are details of the construction and properties of the fire door? that could be
used in models that allow the incorporation of such features. The fire door is a metal-clad
door with a wood core, and insulating panels between the wood core and the metal clad
(on both sides of the wood core). The thickness of the metal clad, wood core, and
insulating panels are 0.6 mm, 40 mm, and 3 mm respectively. The properties of the fire
door are listed in Table 4.

Table 4 Properties of Fire Door

Thermal Density | Specific
Conductivity (kg/m® | Heat
(W/(m.K)) (kJ/(kg.K))
Metal Clad - Carbon Steel | 43 7801 0.473
Wood Core - Yellow Pine | 0.147 640 2.8
Fiber, insulating panel 0.048 240

2.6.2 Ambient Conditions and Other Constants

Table 5 lists the internal and external ambient conditions, and Table 6 lists other constants
and indices used in the exercise.

Table 5 Ambient Conditions

Temperature 300 K
Relative Humidity | 50 %
Pressure 101300 Pa
Elevation 0

Wind Speed 0

2Derived from information in NFPA 80 and SFPE Handbook.



Table 6 Other Constants and Indices

Constriction coefficient for flow through | 0.68

door

Convective heat transfer coefficient 15 Wm?K?
(assumed the same for all surfaces)

Lower Oxygen Limit 12 %"

*The fire source should pyrolyze at a rate corresponding to the specified heat release rate in Part Il if
oxygen depletion terminates combustion, i.e., the mass loss rate of the fuel is fixed rather than the "true"
heat release rate associated with the oxidation process.

2.7 Heat Release Rates and Target Model

The following are the heat release rate data used for the two parts of the exercise.
2.7.1 Part |

The heat release rate for a 0.121-m3 (2-gallon) trash bag fire (Lee, 1985, & Van
Volkinburg, 1978) that was used for Part | of the exercise is characterized in Table 7. A

linear growth between the data points was assumed for the calculation.

Table 7 32 Gallon Trash Bag Fire

Fire Heat Release
Growth Rate (kW)
Time

(minutes)

1 200

2 350

3 340

4 200

5 150

6 100

7 100

8 80

9 75

10 100

The trash bag consists of: (1) straw and grass cuttings (1.55 kQ); (2) eucalyptus duffs (2.47
kg); and (3) a polyethylene bag (0.04 kg). The contents were thoroughly mixed, and then
placed in the bag in a loose manner before ignition. The trash bag was approximated as a
cylinder with a diameter of 0.49 m, and height of 0.62 m. A fraction of 0.3 for heat



released as radiation was assumed, and the heat of combustion of the trash bag material
is 24.1 MJ/kg.

The trash bag and the target (representing the tray A) were assumed to be at the center of
the cable tray lengths. In order to conduct a simplified and conservative analysis, a single
power cable with a diameter of 50 mm at the bottom left corner of the cable tray A was
assumed as the target. For models in which the target is represented as a rectangular
slab, the slab was assumed to be oriented horizontally with a thickness of 50 mm. The
cable was assumed to ignite when the centerline of the cable reaches 643 K.

2.7.2 Partll

Predicting the heat release rate of a burning cable tray stack is extremely complex, and
current models are not capable of realistically predicting such phenomena. Therefore, the
mass loss rate of the burning cable tray stack was defined as input in the exercise. The
consecutive ignition and burning of all 3 cable trays (trays A, C2, and C1) were modeled
as one fire. The analyses were conducted assuming a peak heat release rate for the whole
cable tray stack® between 1 MW —3 MW. A t-squared fire growth with t, = 10 min, and Qo
=1 MW was assumed*, where:

Q=Qo (tto)?

The cable fire was assumed to last for 60 minutes at the peak heat release rate, and
decay in a t-squared manner with similar constants as for growth.

For point source calculations, the heat source (trays A, C2, and C1) was assumed to be at
the center of the cable tray length and width and at the same elevation as the bottom of tray
C2. For 3-D calculations, the fire source was assumed to be the entire length of tray C2
(15.2 m), width (0.6 m), and height of 0.24 m (0.08 x 3). The target (representing tray B)
was assumed to be at the center of the cable tray length. In order to conduct a simplified
and conservative analysis, the target was assumed to be a single power or instrumentation
cable, without an electrical conductor inside the cable, and with a diameter of 50 mm or 15
mm respectively at the bottom right corner of cable tray B. For models in which the target
is represented as a rectangular slab, the slab was assumed to be horizontally oriented with
a thickness of 50 mm or 15 mm. The cable was assumed to be damaged when the
centerline of the cable reached 473 K.

3 The 1 MW to 3 MW range was chosen as bounding values for a stack of 3 cable trays. Considering a heat of
combustion of 25 MJKg and a surface controlled specific mass loss rate of about 3 g/m?-sec for cables that pass the
|EEE tests, acable tray 15 m long and 0.6 m wide will have an effective heat release rate of 0.9 MW. An earlier study
(NUREG/CR-4230), and fire tests reported in EPRI NP-2660 and EPRI NP-2751 also concluded that the peak heat
releaserate for acable tray islimited from 0.8 MW to 2 MW for awell ventilated room.

4 EdF CNPP tests (1997)
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2.8 Cases for Exercise
The following defines the cases for Part | and Il of the exercise.
2.8.1 Part |

For the base case, the distance between the midpoints of the trash bag and tray A was 2.2
m (- 7 ft), the door was closed, and mechanical ventilation system was off. In order to
facilitate comparisons of code results, simulations for horizontal distances between the
trash bag and tray A of 0.3, 0.9, and 1.5 (-1, - 3, and . 5 ft) were conducted (Cases 1-3).
Simulations were also conducted with (a) the door open and mechanical system turned off;
and (b) mechanical ventilation system on and the door closed (Cases 4-5). Table 8
provides a summary of the cases analyzed in Part I.

Table 8 Summary of Cases for Part |

Fire Scenario | Distance from Fire (m) | Door Ventilation System
Base Case 2.2 Closed” | Off

Case 1l 0.3"

Case 2 0.9

Case 3 15

Case 4 Open

Case 5 On

* For simulations with the door closed, a crack (2.4 m x 0.005 m) at the bottom of the doorway was
assumed.
*Avalue in a cell indicates the parameter was varied from the base case.

The maximum horizontal distance between the trash bag and tray A, which results in the
ignition of tray A, was to be determined by the extrapolation of results for the simulations
with the door closed and mechanical ventilation system off (Base Case to Case 3).

The resulting centerline temperature (CL) of the cable was calculated for these simulations.
In addition, the following parameters were reported:

» Upper layer temperature
» Lower layer temperature
* Depth of the hot gas layer
* Heat release rate
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« Oxygen content® (upper and lower layer)
* Flow rates through the door and vents

* Radiation flux on the target

» Target surface temperature

* Total heat loss to boundaries

For CFD and lumped-parameter models, the profiles at the midpoint of the room were
presented. All results are presented in Sl units.

2.8.2 Part ll

For the base case, the heat release rate for the cable tray stack was 1 MW, reaching peak
heat-release rate and decaying as specified above. The horizontal distance, D, was 6.1 m
(20 ft). The door was closed and the ventilation system was off. The target was a power
cable 1.1 m (3.5 ft) above tray A. The distance, D, was varied to 3.1 (. 10 ft), and 4.6 m

(- 15 ft) for Cases 1 and 2. The peak heat release rate for the cable tray stack was varied
at 2 MW, and 3 MW (reaching a peak heat-release rate and decaying as specified above)
at a horizontal distance, D, of 3.1, 4.6, and 6.1 m (Cases 3-8). The door was closed and
ventilation system operating initially; and the door opened, and ventilation system shut after
15 minutes in Case 9. The door and ventilation system was open throughout the
simulation in Case 10. Two elevations for tray B were analyzed to examine the possible
effects of the ceiling jet sublayer and the elevation of the target: (1) 2.0 m (6.5 ft) above tray
A, (i.e., 0.3 m (1 ft) below the ceiling)in Case 11; and (2) at the same elevation as tray A in
Case 12. Aninstrumentation cable with a diameter of 15 mm was used in Case 13.

The resulting centerline temperature of the target, and time to damage of the target, were
to be calculated for these analyses. In addition, the following parameters were reported:

. Upper layer temperature

. Lower layer temperature

. Depth of the hot gas layer

. Heat release rate

. Oxygen content (upper and lower layer)
. Flow rates through the door and vents
. Radiation flux on the target

. Target surface temperature

. Total heat loss to boundaries

. Chemical species (CO, HCI, soot) in the upper layer
. Optical density of smoke (optional)

>The oxygen present in the fuel was neglected in the calculation of the oxygen concentration in the
compartment.
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For CFD and lumped-parameter models, profiles at the midpoint of the room were
reported. All results were presented in Sl units.
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Table 9 Summary of Cases for Part Il

Fire HRR | D (m) | Door Position | Mech. Vent. | Target Target
Scenario | (MW) Sys. Elev. (m)
Base 1 6.1 Closed" Off Power 1.1

Case Cable
Case 1 3.1°
Case 2 4.6
Case 3 2 3.1
Case 4 2 4.6
Case 5 2 6.1
Case 6 3 3.1
Case 7 3 4.6
Case 8 3 6.1
Case 9 Open>15 min | Off>15 min
Case 10 Open On
Case 11 2.0
Case 12 Same
Case 13 Instrument

Cable

* For simulations with the door closed, a crack (2.4 m x 0.005 m) at the bottom of the doorway was

assumed.

*Avalue in a cell indicates the parameter is varied from the base case.
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3 Input Parameters and Assumptions

In accordance with the procedure established for the benchmark exercise presented
above, efforts were made by the participants to arrive at a consensus on values for all the
input parameters needed for the various codes to be used in the exercise. The following is
a summary of the main issues that arose in the consideration of input parameters and
assumptions for the scenarios in the exercise, and how participants decided to dispose
the issues.

3.1 Summary

Three main issues arose regarding input parameters and assumptions for the fire
scenarios in the benchmark exercise:

A. Specification of the fire source;
B. Modeling of the target in the compartment; and
C. Lower oxygen limit (LOL).

The specification of the fire source is fundamental to the input for fire models, and can
significantly affect the predicted compartment thermal environment. A consensus was
reached on the characterization of the heat release rate (HRR) for the fire scenarios for the
benchmark exercise. However, it was noted that presently there is a lack of a
consolidated source of information or guidance from where one can select data for heat
release rates for different NPP fire scenarios. Although agreement was reached on the
specification and values for the target model and LOL to be used for the benchmark
exercise, participants did not reach a consensus on the most appropriate specification
that could be recommended for model users. The specification of the above three
parameters could lead to “user effects,” and are the largest sources of uncertainty in the
predicted results from the input parameter specification process for the types of fire
scenarios examined in the benchmark exercise. These three main issues are summarized
below followed by a discussion of other issues of importance.

3.2 Main Issues

1. HRR Curves for Cable Tray Fires:

Predicting the HRR of a burning cable tray stack is extremely complex, and current models
are not capable of realistically predicting such phenomena. Therefore, it is recommended
that the HRRs of the burning cable tray stack be defined as input in the problem. For the
benchmark exercise, the consecutive ignition and burning of all three cable trays (trays A,
C2, and C1) were modeled as one fire. The analyses assumed peak HRRs for the whole
cable tray stack between 1 MW and 3 MW. The 1 MW to 3 MW range was chosen as
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bounding values for a stack of 3 cable trays. Considering a heat of combustion of 25
MJ/Kg and a surface controlled a specific mass loss rate of about 3 g/(m?.s) for cables that
pass the IEEE-383 tests, a cable tray 15 m long and 0.6 m wide will have an effective HRR
of 0.9 MW. An earlier study (NRC, 1985), and fire tests reported in EPRI (1992) and EPRI
(1983) also concluded that the peak HRR for a cable tray is limited from 0.8 MW to 2 MW
for a well-ventilated room. The growth characteristic of cable tray fires depends on the fire
source, cables ignited with liquid combustibles result in rapid growth, whereas cables
ignited by another cable tray fire result in slower growth. Based on tests conducted by EdF
(Grondeau, 1997), a t-squared growth was assumed with t, = 600 s, and Qo = 1 MW,
where:

Q = Qo(t / to)?

A fire duration of 60 min at peak HRRs was assumed, followed by a t-squared decay with
similar constants as for growth. The experiments conducted by EdF have shown that peak
HRRs for cable tray fires generally do not last more than 60 minutes.

Given the complexity of modeling flame spread, and the developmental state of flame
spread models, it is recommended that current fire modeling analyses use heat release
rates derived from tests conducted that have configurations similar to that being analyzed.

The development of a comprehensive database of heat release rate test data for
combustible materials in NPPs will be beneficial for the broader application of fire models
for NPP fire safety analysis. Further, HRR’s to be used for specific NPP fire scenarios will
need to be established to avoid “user effects.”

2. Cable Target Model and Dysfunction Temperature

A detailed heat transfer model for a cable tray will be fairly complex. Cable trays generally
have a number of cables bundled together in layers, and most cables consist of several
conductors. Cables configured in a single layer will get damaged and ignite at a lower flux
than cables in a multilayer configuration because the flux to a single layer will not be
shielded by cables above that layer. The damage or ignition temperature for cables in a
multilayer configuration will depend on the volume-to-surface area ratio. Generally, current
fire models are not capable of modeling complex cable configurations. As stated above
in Chapter 2, for simplicity the target in the benchmark exercise was assumed to be one
power cable conservatively composed only of PVC. Some of the codes used for the
benchmark exercise have simple one-dimensional slab models for targets, and others
have incorporated a 1-D radial model to approximate radial heat transfer in cables.

As stated in Chapter 2, simulations were conducted for power cables (50 mm diameter),

and instrumentation cables (15 mm diameter). For models in which the target is
represented as rectangular slabs, the slabs were assumed to be oriented horizontally with
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a thickness of 50 mm and 15 mm correspondingly. Some participants expressed concern
regarding the adequacy of a one-dimensional target model since the incident radiative flux
would vary with the orientation of the slab. Also, the specification of the slab thickness, and
selection of the criterion for cable damage (surface temperature versus centerline
temperature) would be key to the success of a one-dimensional target model. The cable
surface temperature is not indicative of the effects of the thermal environment on cable
functionality. Experiments in the PEPSI tests conducted by IPSN indicate that the
temperature of the PVC insulation immediately surrounding the electrical conductors
reaches about 473 K when cable malfunctions occur (Such, 1997). This corresponds to
the temperature at which the PVC insulation softens. Experience from experiments
conducted at VTT, indicated that the centerline temperature of a target slab, with a
thickness equal to the diameter of the cable, best approximates the temperature of the
PVC insulation surrounding the individual conductors. However, some participants felt that
the slab dimensions specified for the benchmark exercise may be too thick and result in
the simulation of a larger thermal inertia of the target than exists in reality.

This issue is discussed further later in this document when the results of the analyses are
presented, and the effect of the cable target model on the results is examined.

3. Lower Oxygen Limit

In order to conduct a conservative analysis, some participants advocated the use of a
value of zero for the LOL. This proposal was put forth based on experimental observations
which indicated that it was difficult to determine an LOL value because of the complexity of
the combustion phenomena, and effects of ventilation on combustion. Other participants
felt that setting LOL at 0% for cases which were developed to examine the effects of
ventilation will be contradictory, and for other cases would not yield best-estimate results.
Based on this premise, it was suggested that the LOL be set at 12% in order to examine
these effects. Several participants in the exercise conducted the analyses of the cases
with LOL set at 0% and 12 % to determine the effect. The impact of LOL on the results will
be discussed later in this report.

3.3 Other Issues

4. Chemical Properties of Combustible Sources

Generally, fire models require the specification of the chemical properties of the fire
sources, and the species yielded in the combustion process. Such yields affect the
emissivity and absorption of radiation by the hot gas and may be important. The content of
the trash bag fire source was specified for the benchmark exercise as composed of: (1)
straw and grass cuttings(1.55 kg); (2) eucalyptus duffs (2.47 kg); and a (3) polyethylene
bag (0.04 kg). These contents were thoroughly mixed, and then placed in the bag in a
loose manner before the heat release data was obtained in the tests. However, the
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chemical properties of the grass cuttings in the trash bag were not available and specified
for the exercise. This was a limitation since the chemical properties of the fuel were
necessary input for the fire models, especially in the calculation of radiation from the hot
gas. Several analysts assumed the trash bag to contain wood for which the properties
were available.

The cable insulation was assumed to be polyvinyl chloride (PVC), and its chemical
properties were available. The chemical formula of PVC is C,H3Cl, and the oxygen-fuel
mass ratio is 1.408. The yields (mass of species/mass of fuel) are 0.46 for CO,, 0.063 for
CO, 0.5 for HCL, and 0.172 for soot.

The development of a comprehensive database of chemical properties of combustible
materials in NPPs will facilitate the modeling of specific fire scenarios.

5. User Effects

As proposed in the procedure for the benchmark exercise, analysts discussed and agreed
on the input data for the various codes that will be used in the benchmark exercise. The
goal was for participants to analyze the same problem and minimize the variation of results
due to differing input data. Even with such efforts to minimize “user effects,” some effects
were evident in the benchmark exercise. “User effects,” and their impacts are discussed
later in the document after the results are presented.

6. Corner/Wall Effects

In practice, cable trays are installed nearer than 0.9 m from walls as specified in the
proposed benchmark exercise. Also, transient combustibles may be present in the corner
or along walls. In order to minimize the number of cases for the benchmark exercise,
corner/wall effects were not examined. Corner/wall effects may be important for specific
configurations when combustibles are near a corner or wall, and it is recommended that
their impact on the results be examined.

7. Conditions Outside Compartment

In NPPs, doors in most compartments typically open to another compartment, and not to
the outside ambient conditions. In order to simplify and make feasible the evaluation of
model effects, multi compartment analysis was not included in the benchmark exercise
since that would include additional considerations and effects on the results. In modeling
realistic fire scenarios, the conditions outside the compartment may be important, and it is
recommended that such effects be examined.

8. Constriction or Orifice Coefficient for Vents
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Based on expert opinion of the participants, it was decided that a value of 0.68 used in
some computer codes will be used for the benchmark exercise. The adequacy of this
value is discussed later in the document when the results are presented.

9. Convective Heat Transfer Coefficient

Based on expert opinion of the participants, it was decided that the convective heat
transfer coefficient would be set at 15 W/m?2K for the benchmark exercise. The adequacy
of this value is discussed later in the document when the results are presented.
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4 Results of Analyses

The following presents a summary of the results that were sought in the benchmark
exercise presented in Chapter 2. The main results for the ignition of a cable tray by the
trash bag fire, and damage of cable trays of redundant safety systems are presented in
Section 4.2. This is followed by a discussion in Section 4.3 on an assessment of the
adequacy of the physical models used in the codes for the specific scenario by examining
and comparing the trends of the output variables.

The detailed results of the analyses for the benchmark exercise conducted by participants
using different fire models are presented in Appendices A through I.

4.1 Summary of Results

4.1.1 Part|

None of the analyses conducted for the benchmark exercise predicted the ignition of the
target cable (at 643 K) by the postulated trash bag fire for any of the ventilation conditions
in the room. The predicted temperatures for all the cases in Part | are very similar. Given
the dimensions of the room and the heat release rate of the trash bag, the maximum
surface temperature of the target outside the fire plume region for all the cases analyzed is
less than 350 K. The target cable may ignite only if it is in the fire plume region of the fire.
The temperature of the target cable is predicted to significantly increase when the distance
between the trash bag and cable is between 0.4 m and 0. 5 m and the target becomes
exposed to the high plume gas temperature. The predicted maximum surface temperature
of the target in this region is predicted to be . 550 K. Although the maximum predicted
heat flux from the plume incident on the target is predicted to be . 14 kW/m?, the duration
of the exposure is not long enough to increase the surface of the cable to the ignition
temperature. Based on this, one could establish a minimum horizontal safe separation
distance® of 1.0 m between the trash bag and the target cable. A fire of similar intensity
sustained over a longer period could ignite the cable.

4.1.2 Part Il

The predicted maximum temperatures of the target cable were below 400 K for all the
cases analyzed in Part Il. The cable tray fire was limited between 10 min and 15 min by
the depletion of oxygen near the cable tray. Given the elevation of the fire source and the
predicted extinction of the fire, cable damage is unlikely for the scenarios examined. The
analysis of an elevated fire source is key to the accuracy of the predicted result.

The concept of safe separation distance is not directly applicablein dl countries,
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4.2 Verification of Sub-models

This section mainly discusses the verification of the sub-models based on an examination
and comparison of the trends from the different fire models used in the exercise.
Verification is defined here as the process of determining that a model implementation
accurately represents the developer’s conceptual description of the model and the solution
to the model. Validation, which is discussed in Section 4.3, is defined as the process of
determining the degree to which a model is an accurate representation of the real world
from the perspective of the intended uses of the model (AIAA, 1998). This section
includes the comparison of the magnitudes of the parameters predicted by different fire
models. These comparisons will be summarized and discussed in Section 4.3.

The benchmark exercise was aimed mainly at comparing zone models since there is more
experience with these models in NPP applications. Therefore, this report mainly
addresses zone models and their sub-models. In some instances, comparisons are made
with CFD and lumped-parameter models in order to derive insights regarding the model
assumptions in the different approaches. Experience with fire models that have been used
for the first time for the type of problem posed in the benchmark exercise is discussed.
The advantages of more advanced approaches, compared to the two-zone approach, are
discussed in Chapter 5.

The following is a list of the major sub-models implemented in the two-zone fire computer
codes for modeling the physical phenomena in the scenarios:

combustion chemistry (tracking concentrations of oxygen and combustion products)
plume and ceiling jet flow

mass and energy balance in the two zones (stratification)

ventilation through doors and cracks

forced ventilation

heat transfer to boundaries

heat transfer to targets

thermal response of the target

4.2.1 Partl

The measured heat release rate of the trash bag fire which was used as input for Part | is
shown in Figure 2. The peak heat release rate for the trash bag fire is . 350 kW, and
peaks at . 150 s.

Base Case

Figure 3 shows the plume flow development during this scenario predicted by some of the
fire models used in the exercise. The main plume flow increases rapidly at the initiation of
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the fire, and does not follow the fire heat release rate, as expected. This is due to the
nature of the correlations used in the codes. CFAST over predicts mass entrainment at
the initial stages of the fire because of the plume height used in the calculation of the
entrained air. Initially, the plume height is assumed to be from the fire to the ceiling. This
leads to an over prediction of the initial mass flow to the upper layer, and the rate of
descent of the gas layer interface. The peak plume flow from the CFAST (BRE) analysis is
less than that from the CFAST (NRC) analysis because of the assumed height of the fire
(on the floor in CFAST (NRC) versus at the height of the top of the garbage bag (0.62 m) in
CFAST (BRE)). This difference is caused by a “user effect” and is discussed further in
Section 5. The peak plume flow predicted by FLAMME_S is less than CFAST by a factor
of . 2. Table 10 lists the peak plume flow predicted by the various fire models that were
used in the exercise. Plume flow is not a normal output parameter from MAGIC. Plume
flow is not directly computed in CFD and lumped-parameter models.

Figure 4 shows the predicted hot gas layer development predicted by some of the fire
models used in the exercise. The interface height decreases rapidly initially due to high
plume flow (see Figure 3). The rate of descent of the interface height decreases after .
230 s when the HGL temperature has peaked (see Figure 8). Because of the two-zone
assumption, the hot gas layer is prevented from reaching the floor due to air inflow at the
crack below the door caused by a negative pressure in the compartment (see Figure 7). In
reality, the hot gas layer is expected to reach the floor in parts of the room farthest from the
door. CFAST predicts a more rapid descent of the HGL interface than FLAMME-S
because of the higher predicted plume flow as shown in Figure 3. The trend of HGL
development predicted by the fire models used in the exercise are as expected, given the
two-zone assumption in the zone models. The HGL interface height is not directly
computed in CFD and lumped-parameter models.

Figure 5 shows the oxygen depletion for the Base Case predicted by the fire models used
in the exercise. The oxygen concentration in the upper layer decreases by . 1% to 19.2 %
generally’. The oxygen depletion predicted by the various models is similar. The fire will
not be limited by oxygen in this fire scenario for the assumed HRR of the fire and
dimensions of the room.

Figure 6 shows the pressure development predicted by the fire models used in the
exercise, and Figure 7 shows the resulting flows in and out of the compartment. The
pressure is predicted to peak at - 150 s when the fire heat release rate peaks, as would
be expected. At some point after the fire peaks, the heat released into the compartment
by the fire is less than the heat loss through the concrete walls (see Figure 10 for a typical

"The oxygen concentration output by the MAGIC code is the mass fraction, whereas the other codes
output the mole fraction.
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heat loss trend?®) resulting in the decrease of compartment temperature and pressure. The
pressure swings to a negative value resulting in flow into the compartment through the door
crack. The predicted peak in the outflow is consistent with the pressure profile, and the
outflow goes to zero when the pressure in the compartment is less than the outside. The
predicted initiation of inflow is consistent with the pressure profile, and is much less than
the outflow. Table 10 lists the peak pressure and lower layer outflows that were predicted
by the various fire models used in the exercise. The peak over-pressure predicted
generally varies between 600 Pa to 2000 Pa, resulting in an outflow of 0.4 kg/s to 0.6 kg/s
from the crack under the door. The pressure evolution predicted by JASMINE is
discussed by Miles (Appendix G) and was found to be sensitive to the heat release
mechanism and amount of heat lost to the boundaries. The trends of pressure and vent
flow predicted by zone, CFD, and lumped-parameter fire models used in the exercise vary
by a factor of . 3 and 1.5, respectively.

Figure 8 shows the hot gas layer (HGL) temperature. The upper layer temperature peaks
at . 200 s, about 50 s after the fire peaks, when the heat released into the compartment is
less than the heat loss from the concrete walls. Table 10 lists the peak HGL temperatures
predicted by the various fire models that were used in the exercise. The predicted peak
temperature is between 330 K to 360 K. Therefore, in this scenario, the upper layer
temperature is predicted to increase by only about 30 K to 60 K. The maximum
temperature in the HGL under the ceiling is predicted to be between 400 K to 450 K by
JASMINE, FDS, and COCOSYS. The trend of the HGL temperature predicted by the
various fire models (zone, CFD, and lumped-parameter) used in the exercise is similar
and as expected. The predicted peak HGL average temperature varies by up to 50 %.

One important difference in the results from the zone, CFD, and lumped-parameter codes
for the type of scenarios examined for the Benchmark Exercise is the hot gas temperature.
A two-zone code, calculates the average temperature of the hot gas layer, whereas CFD
codes compute the entire temperature profile in the compartment. The peak average HGL
temperature predicted by zone models for the Base Case is - 350 K. The temperature
profiles that were predicted by CFD codes for this case ranges from . 350 K in the lower
region to . 400 K in the upper region of the hot gas. This temperature gradient in the hot
gas will determine the convective heat flux to the cable tray depending on its vertical
position and may become more prominent and important for scenarios with a high fire
intensity.

Figure 9 shows the target surface temperatures predicted by the fire models used in the
exercise. The target temperature is predicted to peak at . 250 s, approximately 100 s
after the fire and target flux reaches its peak due to the thermal inertia of the target. The

8The unsteady behavior of the curveis due to the numerical derivation of theintegral heat inside the wall
and door structure.
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trend of the target surface temperature predicted by the various fire models used in the
exercise is similar and as expected. Table 10 lists the peak flux and temperature of the
target. The low thermal conductivity of PVC induces a strong temperature gradient
between the surface and center of the cable. The target surface temperature is generally
predicted to only increase . 20 K for this case. It should be noted that, although not
evident in the results for this case, the fire models utilize different approaches for
calculating the heat flux incident on the target. The target is modeled as a slab in CFAST.
The orientation specified for the slab will determine the incident flux on it (Miles:Appendix
G) and may be a source of “user effects.” This is discussed further in Chapter 5. The
target is also modeled as a slab in FLAMME_S (see Bouton:Appendix A). MAGIC and
COCOSYS employ a 1-D radial model for cable targets in order to eliminate the need to
specify the orientation of a slab and improve the predictive capability. CFX includes a 3-D
conduction model for the target. The predicted fluxes on the target by these models will
vary because of the different assumptions and approaches embedded in them.

Cases 1, 2 and 3: Effect of Distance

Cases 1, 2 and 3 examine the effect of the distance between the target and fire on target
heating. The heating of the cable in this scenario is mainly due to the radiative heat flux
from the fire and the convective heat transfer from the hot gas. Figure 11 shows the typical
evolution of the target surface temperature for various distances (d) between the fire and
target. The target surface temperature peaks at . 200 s, . 50 s after the fire reaches its
peak intensity due to the thermal inertia of the target. The increase in target surface
temperature between distances (d) of 0.9 m and 0.5 m is due to the increase in radiative
flux from the fire that is incident on the target. Figure 12 shows the typical strong effect of
distance on the radiative flux incident on the target. The target is within the plume region at
a distance of . 0.4 m and is heated by convection by the hot plume gas. Target heating in
the plume region is not currently modeled in CFAST. The MAGIC code provides an option
for a side calculation of target heating in the plume region. The heating can be calculated
by hand using plume correlations. CFD codes can calculate target heating based on the
principal formulations in the approach which does not explicitly require an empirical plume
model. In lumped-parameter approaches, the plume is not really modeled and therefore
the form of the plume is dependent on the nodalization around the fire (Klein-
Hessling:Appendix F). Also, momentum is not balanced in the lumped-parameter
approach. Figure 13 graphically illustrates the exposure of the target in the plume region in
a CFD analysis.

Tables 11, 12 and 13 lists the peak fluxes and target surface and centerline temperatures
predicted by the fire models used in the exercise. The Tables indicate that the target does
not reach the ignition temperature even when it is in the plume region according to the
criteria established for ignition, i.e., target centerline temperature of 643 K. The tables
again indicate the strong gradient between the target surface and centerline due to the low
thermal conductivity of PVC. As indicated above, it should also be noted here that the fire
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models used for the benchmark exercise utilized different approaches for calculating the

heat flux incident on the target. The result of the different approaches is evident in Tables
11,12 and 13. In Case 1, some of the fire models include a calculation for target heating
in the plume region (e.g., FLAMME_S and CFX).

Cases 4 and 5: Effect of Natural and Mechanical Ventilation

The following presents some key features of the results of Cases 4 and 5. Figure 14
shows a typical development of the interface height for Case 4 versus the Base Case. The
interface height approaches a constant value at . 140 s, after the HGL reaches the top of
the door at . 100 s. Figure 15 shows a typical development of the upper layer outflow and
lower layer inflow after the HGL interface reaches the door at . 100 s, indicating the
establishment of a neutral plane below the top of the door (at - 2.2 m). Figure 18 is a
typical vector plot of temperature in a plane parallel to the cable trays at the midpoint of the
room (and the door), and illustrates the typical flow patterns predicted by a CFD code for
Case 4 in which the door is open. Outflow and inflow at the door around the neutral plane
are illustrated, as also predicted by the zone models. Figure 16 shows typical HGL
temperature development for Cases 4 and 5. The HGL temperature for Case 4 is less
than the Base Case after . 270 s because of the outflow of hot gas from the upper layer
(which reaches its peak value at . 200 s) through the door, and higher plume flow. The
HGL temperature for Case 5 is less than that in the Base Case after . 100 s when the
HGL reaches the mechanical vents, and ambient air is injected into and hot gas ejected
from the hot gas layer in the two-zone formulation.

Figure 17 shows a typical development of flows in the mechanical ventilation system (for
Case 5) simulated by zone models. The transitions in flows from the mechanical vents in
and out of the gas layers occurs at about . 100 s when the HGL reaches the mechanical
vents. Figures 19, 20, and 21 show typical flow patterns predicted by CFD models that
can be caused by the mechanical ventilation. This type of information will be useful for
examining the local effects of ventilation on target heating, where assuming the target is
exposed to the average conditions of the HGL will yield conservative results.

The above indicates that the predicted flow patterns for natural and mechanical ventilation
by both zone, CFD, and lumped-parameter models are similar, as expected. CFD models
have the advantage of providing more detailed flow information for examining local effects.

Tables 14 and 15 list the peaks of some parameters predicted by the fire models used in
the exercise. The natural ventilation through the door (Case 4) and mechanical ventilation
(Case 5) do not have a strong effect on the target temperature which is in the HGL. The
target surface temperature for Case 4 and 5 is less than in the Base Case because of
cooler hot gas layer temperatures, but by only 2 K to 4 K of a total increase of 20 K. The
predicted peak outflow from the door for Case 5 ranges from 0.4 to 1.3 kg/s. The variation
in the predicted outflow is generally consistent with the variation in the plume flows listed in
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Table 10. The predicted oxygen concentration in Case 5 is consistently slightly higher than
the Base Case due to inflow of ambient air into the HGL. The maximum variation in the
predicted HGL temperature by the various codes is . 45 % for Case 4, and . 30 % for
Case 5.

Conclusion

The international panel determined that the above analysis of the results for Part |
demonstrate that current zone, CFD, and lumped-parameter fire models provide a
comprehensive treatment of most physical phenomena of interest in the scenarios
analyzed. The results indicate that the trends predicted by the sub-models are reasonable
for the intended use of the models for analyzing the specified scenarios. The results of the
analyses for the specified scenarios provide useful insights for nuclear power plant fire
safety analysis.
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4.2.2 Partll
Base Case

Figures 22 to 26 show the predicted results of the main parameters of interest with the fire
models used for the benchmark exercise. Figure 27 shows a typical result of the species
concentrations predicted by the fire models, and Figure 28 shows the pyrolysis rate
specified for the case.

The predicted trends for the heat release rate, interface height, and oxygen concentration
in Figures 22, 23, and 24 are collectively examined. The fire models predict the HGL
lowers to the fire source (at an elevation of 3.4 m) between 200 s and 400 s. This variation
is due to the different approaches used in modeling the fire source (e.g., the cable tray is
divided into 10 fire sources in the FLAMME_S analysis). The fire models predict the heat
release rate decreases rapidly between 500 s and 700 s when the oxygen concentration in
the HGL reaches the LOL of 12 % specified for the exercise. The variation of the

predicted time at which the fire is extinguished is due to slight variations of the predictions
of oxygen concentration in the HGL. It should be noted that the MAGIC (CTICM) and
COCOSYS utilized LOL values of 0 % and 4 % for the analyses. The effect of a lower LOL
on the heat release profile is evident in Figure 22 which shows the fire is sustained over a
longer period. The HRR predicted by COCOSYS is sustained even longer due to the
higher predicted oxygen concentration as seen in Figure 24. Fluctuations in the HRRs
predicted by CFAST (shown in Figure 22) are due to the movement of the interface height
around the fire source as shown in Figure 23. The extinction models utilized in all the
computer codes are approximations of the interaction of the complex combustion process
with a limited oxygen environment. Therefore, the results represent an approximation of
the conditions expected for this fire scenario.

The HGL profiles shown in Figure 25 are consistent with the HRR profiles shown in Figure
22. As listed in Table 16, the fire models generally predict a peak HGL temperature of .
450 K. The MAGIC (CTICM) and FLAMME_S profiles indicate a decrease in the slope of
the HGL temperature when the HRR becomes constant at 1 MW (see Figure 22). The
change in the slope is due to the dynamic balance of heat addition to the HGL and loss to
the boundaries. The peak temperature predicted by JASMINE and COCOSYS under the
ceiling is . 500 K and . 650 K respectively. The higher prediction by COCOSYS is due
to the lower LOL value (4 %) used for the analysis, however, other modeling assumptions
may also account for the difference.

Table 16 lists the peak flux on the target, and Figure 26 shows the target surface
temperature profiles. As indicated earlier, the fire models utilize different approaches for
computing the heat flux on the target. For example, the effect of the orientation of the slab
in CFAST analyses is seen in Table 16 and Figure 26. The heat flux reported for
COCOSYS is only from convection since radiative fluxes are not calculated for Part Il
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(Klein-Hessling:Appendix F). The variation of the peak target surface temperature
predicted by models with similar predictions of heat flux on the target are due to the fire
HRR and HGL temperature profiles, i.e., the target temperature increase is based on the
duration of its exposure to the environment.

The species concentration predicted by FLAMME_S shown in Figure 27 is consistent with
its predicted HRR profile shown in Figure 22. The production of the species from
combustion is terminated at . 700 s when the fire is extinguished.

The analysis demonstrates the complexity in modeling an elevated fire source which can
be affected by a limited oxygen environment. The assumption for the LOL will have a
significant effect on the predicted peak target temperature. Conservative assumptions are
warranted due to the uncertainty in the extinction models used in the computer codes.

Cases 1 and 2: Effect of Distance

Tables 17 and 18 list the peak heat fluxes and target temperatures for Cases 1 and 2
reported by the fire models used for the exercise. A consistent trend in the effect of
distance on target heating is not evident from the Tables due to the different approaches
used for computing heat fluxes. The typical strong effect of the distance between the fire
and target on the radiative flux incident on the target was discussed in Section 4.2.1.

Cases 3 to 8: Effect of Fire Intensity and Distance

As discussed above, the cable tray fire in the Base Case is limited by the oxygen
depletion in the environment. Cable tray fires that could be potentially more intense (as
specified by the pyrolysis rate for these cases) are also limited, i.e., the HRRs are similar
to that specified for the Base Case. Therefore, these cases are not discussed further
here.

Case 10: Effect of Ventilation

Table 19 lists the peak values of the heat flux, and HGL and target temperatures for Case
10. The peak values predicted by the zone models are generally similar to those for the
Base Case because the fire source is in the HGL. The mechanical ventilation system
inserts ambient air and ejects air for the lower layer in the two-zone formulation without
affecting the HGL. The two-zone approach establishes an artificial boundary between the
two zones. In reality, there will be some mixing of mass between the zones. Figures 19,
20, and 21 graphically present the effects of mechanical ventilation on the plume and flow
patterns in the compartment predicted by CFD codes. The fire source could be exposed
to higher concentrations of oxygen than the HGL average predicted by zone models, if the
fire source is near a mechanical ventilation inlet vent. Conservative values of the LOL
could be assumed in analyses with zone models to account for this uncertainty.
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Cases 11 and 12: Effect of Cable Tray Elevation

Table 20 and 21 lists the peak values for heat flux and target temperatures for Cases 11
and 12. The model used for the target cable will determine the manner in which the target
elevation affects the incident heat flux and heating of the cable. As indicated earlier,
different approaches are utilized by the fire models used in the exercise leading to the
variation in results listed in the tables. Generally, a higher target elevation would expose it
to the HGL for a longer period leading to higher temperatures. However, the effect of
target elevation is not significant. It should be noted that the target remains outside the
ceiling jet layer in this scenario. None of the zone models used in the exercise include a
model to predict target heat by the ceiling jet. It will be useful to have this capability for
other scenarios in which the target is located in the ceiling jet.

Case 13: Effect of Target Structure

Table 22 lists peak target surface and centerline temperatures that were predicted by the
fire models used in the exercise. The structure of the cable has a strong effect on its
thermal resistance and heating. The power cable has more thermal inertia and resists
heating for a longer period as compared to the instrumentation cable. Table 22 shows that
the peak centerline temperatures for the instrumentation cable for Case 13 are much
higher than those for the power cable in the Base Case. Figure 29 shows the typical
temperature profiles for the power and instrumentation cables. The difference between the
core temperature profiles for Case 13 and the Base Case are evident in the figure. The
core temperature of the target is much less than the surface temperature due to the low
thermal conductivity of the cable insulation, PVC (0.092 W/m.K), except for Case 13. In
Case 13, the core temperature is much higher because the diameter of the instrumentation
cable is less than that of the power cable by a factor of three. Also, note that the core
cable temperature continues to increase after the surface temperature has peaked for all
the cases. The figure shows that the maximum temperature (core or surface) is less than
the specified damage temperature of 473 K for all the cases in Part Il.

A comparison of the fire duration with the time needed for heat to reach the core of the
target provides an insight as to why the target is not damaged (Bouton:Appendix A). An
estimate of the time taken for the rear face of the target to increase in temperature when
the front face is exposed to a heat flux is given by the formula:

t

e2
»—
78]

where e is the wall thickness, 8 the thermal conductivity, D the density, and c the specific
heat. This equation provides a thermal penetration time of 200 s and 20 s for the power
and instrumentation cables, respectively. The duration of the fire is . 720 s for all the
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cases. For the power cable, the thermal penetration time and fire duration are of the same
magnitude. Therefore, the core of the power cable does not approach the surface
temperatures. For the instrumentation cable, the thermal penetration time is much less
than the fire duration. Therefore, with a short delay, the temperature profile of the cable
centerline is similar to that at the surface.

Special Cases

Since the fire was extinguished after . 720 s and well before 4800 s, the expected
duration of the fire, several participants in the exercise analyzed special cases. These
cases varied slightly but mainly analyzed a cable tray fire at an elevation below the top of
the door. Natural ventilation of the hot gases through the door prevented the HGL from
reaching and extinguishing the cable tray fire. Therefore, a fire that was sustained at the
specified intensity for 3600 s was achieved. Table 23 lists the results of the analyses. All
the cases listed analyzed similar conditions, except Case S3 which analyzed a 3 MW fire
and a shorter distance between the fire and the cable target. Case S4 analyzed similar
conditions but with LOL set at 0 %.

Figure 30 shows the HGL and target surface temperature development for typical results
from two fire models. Both models predict an initial rapid rise in the HGL temperature
followed by a less rapid increase after the fire intensity has peaked. As indicated earlier,
the change in the slope is due to the dynamic balance of heat addition to the HGL from the
fire and loss to the boundaries. The target surface in these cases approaches the HGL
temperature due to longer exposure of the target to the thermal environment in the
compartment. The difference in the peak HGL temperatures predicted by the two models
is 35 %. The peak HGL temperatures predicted by other models listed in Table 23 vary by
less than this, e.g., the difference between the CFAST and FLAMME_S predictions is -
17 %. Case S4 produces a less severe condition than Case S5 because the fire is
extinguished after . 900 s even though LOL is set at 0 % (see MAGIC (CTICM) results in
Figure 22).

Table 23 shows that the cable centerline temperatures approach the surface temperatures
for these cases because of the long duration of the fire. The thermal penetration time of
the power cable, 200 s, is much less than the duration of the fire (sustained for 3600 s) in
these cases. Table 23 also shows that the target centerline temperature exceeds the
specified damage criteria of 473 K only for Case S3 which analyzed a target 3.1 m from a
3-MW fire sustained for 3600 s.

Conclusion
The international panel determined that the above analysis of the results for Part II

demonstrates that current zone, CFD, and lumped-parameter fire models provide a
comprehensive treatment of most physical phenomena of interest in the scenarios
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analyzed. The results indicate that the trends predicted by the sub-models are reasonable
for the intended use of the models for analyzing the specified scenarios. The analyses of
the scenarios also demonstrate the complexity in modeling an elevated fire source which
can be affected by a limited oxygen environment. The extinction sub-models utilized in all
the computer codes are approximations of the interaction of the complex combustion
process with a limited oxygen environment. Therefore, the results from the extinction sub-
models represent an approximation of the conditions expected for the fire scenarios. The
assumption for the LOL will affect the predicted peak target temperature. Therefore,
conservative assumptions are warranted due to the uncertainty in the extinction models
used in the computer codes. Also, as indicated earlier, the target sub-model in some of the
computer codes requires the specification of target orientation by the user. This may result
in non-conservative results and "user effects.” This limitation may be overcome by
establishing procedures for the use of the models to obtain conservative and consistent
results. The results of the analyses for the specified scenarios provide useful insights for
nuclear power plant fire safety analysis.

4.3 Validation of Models

This section presents a brief discussion of model validation which was defined above as
the process of determining the degree to which a model is an accurate representation of
the real world from the perspective of the intended uses of the model.

4.3.1 Validation Studies and Uncertainty Estimate

The fire models used in the benchmark exercise have all been compared with test data for
fires ranging from 100 kW to 2.5 MW in compartments with volumes ranging from 10 m? to
1300 m® . These comparisons are summarized and referenced in the individual reports for
the fire models included in the appendices. The comparisons are generally satisfactory,
with different accuracies reported for the range of data sets. Gautier (Appendix C) reports
that the difference in temperatures between those predicted by the model and measured
for steady fires is rarely less than 10 K, but predictions that are 50 K or higher are
common. The data sets in the validation database include data for the configuration
(power, compartment volume) analyzed in the benchmark exercise reported here. IPSN
has reported (Such, 1997) tests conducted in a compartment with a volume of 400 m®
volume and a 1 MW fire for 4200 s. The relative variation of pressure, temperature, and
oxygen concentration predicted by FLAMME_S with test data was within 20 %. The
comparison of cable surface temperature evolution was less successful due to the
compartment vertical temperature gradient in the test data and the difficulty in measuring
the cable surface temperature. The validations of the fire models conducted to date
indicates that they generally provide a reasonably accurate representation of the real world
for the types of scenarios in the benchmark exercise.
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Although the exercise reported here did not include comparison of model results with test
data, the analysis reported above did include the comparison of the magnitudes of the
parameters predicted by different fire models. Generally, the predictions were similar.
Models developed independently, if based on the same fundamental laws, are expected to
produce similar results.

A distinction is made here between the variability of results due to different assumptions of
input data, either for model coefficients, compartment configuration, or fire source data,
and the uncertainty of model predictions given the inherent approximations contained in
them. As indicated earlier, different assumptions of fire source power can significantly
affect the results from the models. Other important input data are the thermophysical
parameters, e.g., the convective heat transfer coefficient. The international panel judged
that differences in model results due to the uncertainty of the models is less than
differences that can be caused by variations in input data and assumptions.

4.3.2 Benefit of Extending Validation Database

Although the above discussion proposes a certain degree of confidence in the current fire
models, there are benefits to extending the validation database. As discussed in previous
sections, the sub-model for the target, and issues regarding the thermal environment of the
target, is a source of uncertainty for these types of scenarios. As indicated in the analysis
of the results, the target response is sensitive to the magnitude and duration of the heat flux
incident on it. A target may be more sensitive to the duration of the exposure than the
magnitude of the heat flux and intensity of the thermal environment if it has a high thermal
inertia. It will be useful to conduct international collaborative validation exercises in which
the sensitivity of target response is explored and the predictive capability of target damage
is the main focus of the program. Also, more refined measurements and data analyses will
be useful to estimate the quantitative uncertainties of the parameters predicted in the
analyses of these fire scenarios. The computer code results, with quantitative estimates of
the uncertainties in the predicted parameters, will extend the confidence in the models for
supporting engineering judgments in nuclear power plant fire safety analysis.
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5 General Conclusions and Recommendations

This final chapter provides a discussion of the general conclusions and issues derived
from the benchmark exercise.

5.1 Capabilities and Limitations

As indicated above, the international panel determined that the analysis of the results of
the benchmark exercise demonstrates that current zone, CFD, and lumped-parameter fire
models provide a comprehensive treatment of most physical phenomena of interest in the
scenarios analyzed. The results indicate that the trends predicted by the sub-models are
reasonable for the intended use of the models for analyzing the specified scenarios. The
results obtained from these fire models can provide useful insights for nuclear power plant
fire safety analysis for the type of scenarios analyzed.

Capabilities

The constitutive equations for mass and energy in the fire models provide a reasonable
prediction of the hot gas layer development and temperatures in the compartment. The fire
models generally provide an adequate method to balance and estimate the concentration
of oxygen and combustion products in the compartment. Mass flows that result from the
pressurization of the compartment, and natural or mechanical ventilation, are reasonably
predicted for the zone, CFD, and lumped-parameter models. Convective and radiative
heat fluxes to the boundaries and target are comprehensively treated in the models. The
thermal response of the target is also adequately estimated in the models.

Limitations
Fire Source

The mass loss rate in the models is generally not coupled with the thermal behavior of the
source. This limitation necessitates the specification of the mass loss rate profile. The heat
release rate is then calculated in the model based on the availability of oxygen. The
coupling of mass loss and heat release, which entails modeling the combustion process, is
complex and difficult, especially for solid fires. Until further research is conducted and
accurate models developed to overcome this limitation, characteristic mass loss rate
profiles will need to be developed and specified. An international effort to develop
standardized mass loss profiles is recommended.

A related limitation exists for the extinction sub-models utilized in the computer codes. The

sub-models used are approximations of the interaction of the complex combustion
process with a limited oxygen environment. The results from the extinction sub-models
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represent an approximation of the conditions expected for the fire scenarios. Some tests
have shown that fires can be maintained at low oxygen concentrations through the
establishment of flames distant from the source. Conservative assumptions for the LOL
may be warranted to compensate for the limitations in the extinction models used in the
computer codes. Participants in the exercise reported here used an LOL value ranging
from 0 % to 12 % based on their experience and judgment, and degree of conservatism
needed for the analysis. Itis recommended that users of fire models determine an
appropriate value based on the ventilation conditions for their application, scenario
configuration (single versus multi-compartment), and desire for conservatism in the
analysis. A sensitivity analysis for different LOL values may be appropriate for a best-
estimate calculation.

Target Model

The fire models generally include a simple sub-model for the target that allows the
modeling of one cable. This is acceptable as long as the goal of the analysis is to provide
a conservative estimate. The modeling of a cable bundled with other cables in a tray will
result in lower cable temperatures. The ability to model bundled cables, and the structure of
the cable tray may be beneficial. The target sub-model in some of the computer codes
requires the specification of target orientation by the user. This may result in non-
conservative results (for a single cable) and a "user effect.” This limitation may be
overcome by including a 1-D radial heat transfer model for the target, or establishing
procedures for the use of the slab model in a consistent manner. The ability to model a
target with more than one material may also be useful to determine the temperature
gradient in the cable, otherwise the property of the single material to be specified needs to
be developed. Target heating in the plume and ceiling jet is not included in most of the
models, thereby limiting the analysis of certain types of scenarios.

Given the above complexity in estimating cable damage, an evaluation should be
conducted to determine whether consistent results can be obtained in modeling cable
damage directly (modeling heat conduction into a cable or tray of cables) or defining a
conservative safety criterion based on gas temperature and/or incident flux may be
prudent.

Two-Zone Approximation

The two-zone approximation may limit the analysis of certain types of scenarios and
issues. This includes issues for which the local effects of natural and mechanical ventilation
need to be examined (e.g., under ventilated scenarios), or the local temperature in the
HGL is necessary to calculate the target temperature.

Other Modeling Issues
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The following is a summary of modeling issues that are discussed in the reports by the
analysts in the appendices, or that were raised and discussed at the 4™ meeting when the
results of the analyses were presented.

Radiation from Hot Gas

Radiation from the hot gas in the upper layer or the plume region is likely to be the main
contributing factor to cable damage for the types of scenarios analyzed in the exercise.
The predicted concentration of soot is an important factor in calculating the radiation from
the hot gas. A sensitivity study is recommended to examine the impact of soot
concentration on the overall radiative flux from the hot gas. A review should also be
conducted to assess the need for additional data for soot yields.

Plume Models

The plume correlation in zone models provides the driving force for the generation of hot
gases. Certain limitations in the plume model for CFAST were noted earlier. Although
plume correlations and calculations have been extensively reviewed and used in the
development of zone, CFD, and lumped-parameter models, they should be examined for
any limitations for the types of fire sources of interest in nuclear power plants.

Convective Heat Transfer Coefficient

During the development of input data for the models, it was decided that the convective
heat transfer coefficient would be set at 15 W/m? K for the benchmark exercise. This value
may be too high and unrealistic, especially for some surfaces. This parameter should be
reviewed to determine if another value based on a free convection correlation should be
used, and if different values should be used for the floor, wall, ceiling, and cable.

5.2 User Interface
The following are recommendations made regarding the user interface.

As evident from the discussions in this document, users of fire models should have
knowledge of basic heat transfer, thermodynamics, and fluid mechanics. A fundamental
course in fire dynamics, available at the graduate level in several universities, will provide
additional beneficial knowledge for the use of the models. It is not necessary to be a
developer or an expert to use the models. Short courses that provide basic training in the
use of specific models will also be beneficial.

In order to prevent misuse, the fire models should be adequately documented with a

technical reference manual, user’s guide, and verification and validation report. The
documentation should include sample problems which include input data and results for the
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scenarios analyzed so that the user is able to replicate the analyses. The inclusion of
several sample problems will allow the user to verify the correct installation of a code, gain
confidence in the use of the model, and have access to input data for a range of fire
scenarios. Allowable options in the models should be adequately explained, e.g.,
constrained versus unconstrained fire in CFAST, to prevent misuse of the options for
conditions for which they were not intended (Will:Appendix H). Specific parameters that
may be subject to “user effects” should be identified and discussed, e.g., target orientation
in CFAST and the mesh for the conduction calculation in MAGIC.

Results may vary if different versions of the code are used. The legacy of the fire models
should be documented to identify the differences between various versions of the code.
The compatibility of older codes with newer operating platforms should be identified, e.g.
CFAST version 3.1.6 is not compatible with Windows NT (Will:Appendix H). The effect of
different compilers on the model installation should also be discussed.

The fire models should have a graphical user interface (GUI) to allow users to efficiently
input data for the models and minimize errors in this process. The lack of a GUI for
CFAST Version 4.0 may have led to errors (Will:Appendix H). The GUI should provide
automatic controls for the input of data and alert the user when values are beyond
recommended ranges, or are incorrect. A GUI with this type of feature to check for errors
will minimize the input of incorrect data, and the improper use of the model.

5.3 Benefits of Hand Calculations

Although hand calculations can provide bounding results for many scenarios, the results
discussed above showed the strong coupling between the target response and the thermal
environment created by the fire. Therefore, for the types of scenarios analyzed in the
exercise reported here, zone models provide the minimum simulation capability to
examine the dynamic response of the target to the fire environment.

5.4 Need for Model Improvements

Several of the models used may benefit from an improved target model, especially to
address the “orientation” issue discussed above. However, the benefit from such an
improvement will need to be examined given zone models do not provide local
temperatures of the hot gas around the target. There may be a steep vertical temperature
gradient in the hot gas, especially for large fires. The fire models generally include a
simple sub-model for the target that allows the modeling of one cable. This is acceptable
as long as the goal of the analysis is to provide a conservative estimate. The modeling of a
cable bundled with other cables in a tray will result in lower cable temperatures. The ability
to model bundled cables, and the structure of the cable tray, may be beneficial. The ability
to model a target with more than one material may also be useful to determine the
temperature gradient in the cable. Target heating in the plume and ceiling jet regions may
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also be beneficial immprovements to the models that do not have this feature.
5.5 Need for Advanced Models

The mass loss rate in the models is generally not coupled with the thermal behavior of the
source. This limitation necessitates the specification of the mass loss rate profile. The
coupling of mass loss and heat release, which entails modeling the combustion process, is
complex and difficult, especially for solid fires like cables. Several efforts are underway to
address this issue. CFD codes provide the opportunity to address this issue because of
the availability of localized information that is necessary for coupling mass loss and heat
release. A related benefit of this improvement will be the ability to more accurately predict
the point of extinction in under ventilated fires.

CFD models may be beneficial to verify the results of a zone model study. CFD models,
which are computationally more expensive, may be used following the analysis of the
problem with a zone model, including sensitivity calculations. A few important scenarios
can then be analyzed with a CFD model to provide a comparison and verification of the
results obtained from the zone model.

CFD models may also be beneficial for analyzing issues when local effects are important.
Figures 19, 20 and 21 illustrated the ability of CFD models to provide detailed information
of the flow patterns in the compartment. This type of information can be useful in
calculating target heating in the plume region, and for determining effects of ventilation on
the fire source and target. Lumped-parameter models also provide local information to
determine the effects of ventilation. Also, both CFD and lumped-parameter models
provide information on the temperature gradient in the hot gas layer which may be
important for determining target response.

The prediction of radiative fluxes from the plume in the near field is a complex problem.
CFD models, in combination with a radiation model, can provide a better estimate of the
radiative fluxes from the flaming region and hot gas layer. The radiation model may be as
important as the fluid dynamics for thermal damage analysis. In order to maintain

efficiency in the computations, radiation fluxes and gas temperatures could be stored at
target locations, and used later in a separate conduction model.

5.6 Need for Additional Test Programs

The need for additional test programs for supporting the use of fire models may be divided
into three categories.

1. Fire Model Validation
The need for additional fire model validation was discussed in Section 4.3.2. The sub-
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model for the target, and issues regarding the thermal environment of the target, is a
source of uncertainty for the types of scenarios that are important in nuclear power plants. It
will be useful to conduct international collaborative validation exercises in which the
predictive capability of target damage is the main focus of the validation. Also, more
refined measurements and data analyses will be useful to estimate the quantitative
uncertainties of the parameters predicted in the analyses of these fire scenarios. The data
from tests can also be used for improving target models, and developing models for target
heating in the ceiling jet and plume regions.

2. Mass Loss Rate Data

Given the complexity of modeling flame spread, and the developmental state of flame
spread models, it was recommended earlier that current fire modeling analyses use mass
loss rates derived from tests conducted with configurations similar to that being analyzed.
The development of a comprehensive database of mass loss rate profiles for combustible
materials in NPPs will be beneficial for the broader application of fire models in fire safety
analysis.

3. Cable Damage Criteria

The temperature at a specific point in the cable was used in the exercise to specify the
criterion for cable damage. Information regarding cable damage criteria is limited. It will
be beneficial to generate damage criteria for cables and a broad range of equipment of
interest. This information is essential for fire safety analysis. The full benefit of fire models
in nuclear power plant fire safety analysis can be achieved by establishing a broad
database for damage criteria.

5.7 Generic Applicability of Conclusions

Most of the insights gained and conclusions drawn from this benchmark exercise are
applicable to a broad range of fire scenarios expected in nuclear power plants. However,
further benchmark and validation exercises are necessary for some specific configurations
such as large compartments (like the turbine building) with large pool fires, multi
compartments with horizontal and vertical vent connections, and control room
configurations. Insights on some further specific issues are likely to be developed from
such exercises.
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Table 10 Comparison of Results for Part |, Base Case

O, Conc. | Peak Peak Peak LL | Layer Peak Peak Peak Target
in HGL at | Plume | Pressure | Outflow | Ht. at HGL Flux on Temp.
600 s Flow (Pa) (kg/s) 240 s Temp. | Target (K)
(Vol. %) (kg/s) (m) (K) (W/m?) Surface CL
cb: 19.0 cb:3.6 | cb:1770 | cb:0.54 |cbh:1.37 |cbh:359 |ch:1330 | ch:317 f: 3032
cn: 19.3 cn: 4.7 | cn: 2057 | cn:0.59 |cn: 0.82 | cn: 357 | cn: 1257 | cn:322 me:301
f. 19.9 f. 2.2 f: 1444 f.0.41 f: 1.83 f. 347 me:1839 | mc:319 | mc:300
me: 22° 0:0.3 me:961 me:0.39 | me:1.37 | me:336 | 0:472 0: 312 0: 301
j:19.9 0: 975 0: 0.40 h: 0.3 mc:336 | x: 210 s: 333 h: 310
0:19.3 h: 210 H: 0.35 0: 449! | . 4287 me: 318 | x: 300
J: 46 J: 0.08 h:349 |s:1197 x: 360
s: 600* X: 360
j: 4003
s: 400°

'COCOSYS reported temperatures are maximum values at the ceiling.
2FLAMME_S reported target temperatures for Part | are at the end of calculation (600 s).
3JASMINE reported temperatures are the “center top” values which are higher than average “hot layer”
temperatures.

“The crack area was twice the area specified due to grid size used in simulation.

SEDS reported temperature is the maximum value at the ceiling.
The oxygen concentration from MAGIC are reported as mass percent.
cbh: CFAST-BRE

cn: CFAST-NRC/NIST

f: FLAMME_S

me: MAGIC-EdF
mc: MAGIC-CTICM

0: COCOSYS
h: HADCRT
j: JASMINE

s: FDS
x: CFX
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Table 11 Comparison of Results for Part |, Case 1

Peak Flux Peak Target Temp.
on Target (K)
(W/m?) Surface CL

cb: 3120 f. 773% f: 349
cn: 1932 cbh:353 me: 303
me: 12,855 | cn:332 mc: 300
0: 26,763 mc:346 0: 300
x: 210 0: 327 x: 300
j: 4029 x: 550*

Target calculations by FLAMME_S and CFX account for the convective heat transfer from the hot gases in
the plume region to the target.

Table 12 Comparison of Results for Part I, Case 2

Peak Flux Peak Target Temp.
on Target (K)
(W/m?) Surface CL

cb: 2430 cbh:340 f: 308
cn: 1808 cn:329 me: 302
me: 4665 mc:333 mc: 300
0:711 0: 315 0: 300

Table 13 Comparison of Results for Part I, Case 3

Peak Flux Peak Target Temp.
on Target (K)
(W/m?) Surface CL

cb: 1770 ch:329 f. 308
cn: 1537 cn:321 me: 302
me: 2732 mc:323 mc: 300
0: 648 0: 314 0: 300
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Table 14 Comparison of Results for Part |, Case 4

Peak UL | Layer Peak HGL | Peak Peak Target Temp.
Outflow | Ht. at Temp. Flux on (K)
(kg/s) 240 s (K) Target

(m) (W/m?) Surface CL
cbh:0.92 |cbh:1.86 | cb:365 cb: 1340 | cb:322 | f: 303
cn:1.36 cn: 1.67 | cn: 357 cn: 1298 | cn:318 | me:301
f: 0.50 f. 2.03 f: 348 me:1845 | mc:320 | mc:300
me:0.86 | me:1.77 | me:336 0: 486 0: 311 0: 301
0:1.26 h: 1.5 mc:336 j: 4560 s: 325 h: 306
h: 0.4 0: 452 s: 981
Jj: 0.90 j: 400

Table 15 Comparison of Results for Part |, Case 5

(O Peak Layer Ht. | Peak HGL | Peak Peak Target Temp.

Conc. Pressure | at240s | Temp. Flux on (K)

in HGL (Pa) (m) (K) Target

at600 s (W/m?) Surface CL

(%)

cn:19.7 | cn:2200 | cn:0.82 cn: 348 cn: 1239 | cn: 319 | f:303

f. 20.3 f: 1071 f. 1.83 f: 348 me: 2042 | s: 319 me: 301

me:22.5 | me: 714 | me:1.43 | me: 334 0: 396 mc:318 | mc: 300

m:19.7 | o: open h: 1.0 mc: 334 x: 210 0:308 | 0:300

0:19.7 h: .0 0:451 s: 890 x: 360 h: 309
x: 350 x:300
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Table 16 Comparison of Results for Part Il, Base Case

O, Conc. | Peak Peak Peak Peak Target Temp.
of HGL at | Pressure | HGL Flux on (K)

600 s (Pa) Temp. Target

(%) (K) (W/m?) Surface CL

ch: 125 cbh: 715 cbh: 524 ch: 3170 | cb: 357 f: 3253
cn: 13.2 cn: 805 cn: 441 cn: 1594° | cn: 323 0: 374
me: 17.0%2 | me: 721 f: 465 me: 3785 | 0: 436 me: 311
f:17.22 f: 676 me:440 0: 2400 f: 403 x: 301
f: 17.6 0:2104 0: 646! X: 840

j:16.1 j: 305 X: 680 j: 2420

0:17.62 j: 500

1COCOSYS reported temperatures are maximum values at the ceiling.
’Reported at 500 s.

SFLAMME_S reported target temperatures for Part Il are at the end of calculation (1200 s).

“* Reported fluxes are incident on top side of target slab for Part Il results
° Reported fluxes are on bottom side of target slab for Part Il results

Table 17 Comparison of Results for Part I, Case 1

Peak Flux Peak Target Temp.
on Target (K)

(W/m?) Surface CL

cb: 2740 cb: 357 | f: 325

J: 2620 0:438 me: 311
me: 3784 f. 427 0: 374
0: 814

Table 18 Comparison of Results for Part I, Case 2

Peak Flux Peak Target Temp.
on Target (K)

(W/m?) Surface CL

cb: 2500 ch:349 |f:325
me: 3784 0:435 me: 311
J: 2530 f. 427 0:373
0: 2368




Table 19 Comparison of Results for Part Il, Case 10

Peak HGL Peak Flux Peak Target Temp.
Temp. on Target (K)

(K) (W/m?) Surface CL

cn: 448 cn: 2234 cn: 373 | f: 324

f. 465 me: 3792 0: 555 me: 311
me: 441 0: 2158 0:472
0:702 x: 500 x: 335
x: 525 j: 3310

J: 550

Table 20 Comparison of Results for Part Il, Case 11

Peak Flux Peak Target Temp.
on Target (K)

(W/m?) Surface CL

cb: 4080 cb: 387 | me: 311
cn: 2155 cn: 343 | 0:379
me: 3784 0:446

0: 2527

j: 3250

Table 21 Comparison of Results for Part Il, Case 12

Peak Flux Peak Target Temp.
on Target (K)

(W/m?) Surface CL
ch: 2570 cb: 345 | me: 302
cn: 1626 cn: 326 | 0:355
me: 877 0: 398

0: 1827

j: 1570
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Table 22 Comparison of Results for Part Il, Case 13

Peak Flux Peak Target Temp.

on Target (K)

(W/m?) Surface CL

cb: 3170 cb: 358 | f:400

0: 2400 0: 482 me: 352
f: 421 0:473

Table 23 Comparison of Results for Part Il, Special Cases

Peak HGL Peak Flux Peak Target Temp.

Temp. on Target (K)

(K) (W/m?) Surface CL
Case S1 cn: 457 cn: 2172 cn: 435
Case S2 f: 489 f: 483 f: 458
Case S3 mc: 623 mc: 603 | mc: 533
Case S4 me: 441 me: 4250 me: 408 | me: 323
Case S5 me: 543 me: 531

Case S1: Part Il, Base Case with fire source at 1.8 m, and door open.

Case S2: Part Il, Case 10 with fire source at 2.3 m (elevation of tray A).

Case S3, Part I, HRR = 3 MW; D = 3.1 m; door open and ventilation system on; fire source
at2.1 m, and LOL =0 %.

Case S4: Part Il, Base Case with LOL =0 %.

Case S5, Part Il, Case 10 with fire source at 1.0 m.
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Figure 18 Door Flows (Part I, Case 4) - FDS
(from Dey (Appendix B))
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Figure 20 Effects of Mechanical Ventilation
(Part I, Case 5) - FDS (from Dey (Appendix B))
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1. INTRODUCTION.

This report presents the results of the numerical smulations achieved with the two-zone model code
Famme_S on cable tray fires of redundant safety trains. This work has been done in the frame of an
internationa collaboretive project to eva uate fire models for nuclear power plant gpplications.

2. DEFINITION OF THE PROBLEM.
2.1 Room size and geometry.

A representative PWR emergency switchgear room has been selected for the benchmark exercise
[1]. The room is 15.2 m deep, 9.1 m wide and 4.6 m high (see Figure 1). The room contains the
power and instrumentation cables (trays A, C1, C2) for the pumps and valves associated with
redundant safe- shutdown equipment (tray B). Both cable trays run the entire depth of the room, and
are arranged in separate divisons and separated horizontaly by a distance d.

The room hasadoor 2.4 m x 2.4 m located at the midpoint of the front wall and assumed to lead to
the outsde. The room aso has a mechanicd ventilation syslem with a flowrate of 5 volume changes
per hour in and out of the room. The flowrate is assumed to be congtant in the mechanica ventilation
system. The midpoint of the vertical vents for the supply and exhaust air are located at an eevation of
2.4 m and have area of 0.5 n? each. The vents are supposed to be square and connect the room to
the outside.
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Figure 1: Geometry.
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2.2 Wall, floor and ceiling.

The walls, floor and celling are 15.2 cm thick. The thermophysica data used in the numerica
sdmuldionsae

Specific heat 1000 Jkg.K
Therma conductivity 1.75W/m.K
Density 2200 kg/n®
Emissvity 0.94

The convective heat transfer coefficient is the same for dl the surfaces 15 W/nt.K.

2.3 Cables.

The cable trays are 0.6 m wide and 0.08 m deep. As can be seen on the Fgure 1, a horizontal
distance d separates tray B from tray A. The thermophysical data used for cables are:

Hest of Combustion 16 MJkg
Fraction of flame heat 0.48
released asradiation

Specific heat 1040 JkgK
Thermad conductivity 0.092 W/m.K
Densty 1710 kg/n?
Emissvity 0.8

3. PARTI.
3.1 Main purpose and scenario.

The objective of the Part | is to determine the maximum horizontal distance between a specified
trangent fire and the tray A that resultsin theignition of thetray A (643 K). In this part, the transient
fire is assumed to be a trash bag fire whose heet release rate is represented on the Figure 2:

400

50
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Figure 2. Trash bag fire- Heat release rate.

The trash bag is approximated by a cylinder with a diameter of 0.49 m and a height of 0.62 m. The
mass of fud is 4.06 kg and its heat of combusgtion is 24.1 MJkg with a fraction of 0.3 released as
radiation.

The trash bag and the target (representing tray A) are located at the centre of the cable tray length.
The target is assumed to be a single power cable with a diameter 50 mm at the bottom Ieft corner of

the cabletray A (see Fgure 3).
@47 tray A

target

Trash
bag

Figure3: Part | - Trash bagfire.

In thisfirg part, the following cdculations are achieved:

1/ The horizonta distance between the midpoints of the trash bag and the tray A is successively 0.3
m, 0.9 m, 1.5m and 2.2 m. In these Smulations the ventilation system is off and the door is closed.

2/ The horizonta distance between the trash bag and the tray A is 2.2 m and the door is open.
3/ The horizontd distance between the trash bag and the tray A is 2.2 m and the ventilation system is
on.

All the smulations of the Part | are summed up in the following table:

Digtance from fire (m) Door Vertilation sysem
Base case 2.2 Closed? off
Casel 0.2
Case2 0.9
Case3 1.5
Case4 open
Case5 on

Tablel: Summary of casesfor part |

3.2 Moddling of the problem with the Flamme_S code.
3.2.1 Thetrash bagfire.

1 For simulation with the door closed, acrack (2.4 m x 0.005 m) at the bottom of the doorway is assumed
2 valuein acell indicatesthe parameter is varied from the base case
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The fud is assumed to be a trash bag containing wood (fir). The thermophysica data for wood are
issued from the fuel deta library available with the Flamme_Scode. The data concerning the heet of
combustion and the fraction of heat released as radiation have been changed and are equd to the
data advised in the definition of the benchmark exercise (24.1 MJkg for the heat of combustior?,
0.3 for thefraction of heat released as radiation).

The flame and the plume above the trash bag are described with the Heskestad mode! [2].
3.2.2 Thecable.

In the Hamme_S code, a target such as a cable is represented by a rectangular dab. This dab can
be divided in several meshes in the three directions. Hence, a complete description of the
temperature fidld in the cable is available. In the modelling of a dab, the heat exchanges between the
dab and its surroundings are only possible with the upper and lower faces of the dab# (see Figure 4).
That iswhy, the dimensions of the dab (width and depth) must be estimated in order (a minima) to:

1/ have the same mass between the true cable and the dab,
2/ have the same surface for heat exchanges.

Figure 4: Modelling of thetarget with a rectangular dab.

Those two conditions impose the following dimensions for the dab:
a=width=p.r e=depth=r

In dl the amulations of the Part |, the dab is divided in 1 (width) x 30 (depth) x 29 (length) meshes.
With this cutting, the first mesh at the centre of the dab is 0.42 mm deeps.

3.3 Numerical results.

3The actual value of the heat of combustion of thewood is equal to 19.6 MJkg.

4 This comes from the fact that the "object" used to model the slab was initially devoted to the modelling of the
wall, floor and ceiling.

5 More meshesin the "deep direction” induce high restriction in the time step (CFL like condition).
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3.3.1 Enclosed room.

Thefirg part of this sudy is devoted to the numericd smulaionsin the cases with no mechanica nor
natura ventilation. We are interested here in the results of the calculations of the base case and cases
1,2 3.

Heat releaserate.

The Figure 5 shows the evolution of the hest reease rate of the fire. Given the high volume of the
room and the relaively low hesat release rate of the fire, the oxygen molar fraction is aways enough
high to ensure the combustion until t=590s. At thistime, the fire slf extinguished for lack of fud.

. N\

heat release rate (kW)
8

0 100 200 300 400 500 600
time (s)

Figure5: Heat release rate of thefire.
Temperature.

The andydis of the numerica results shows that the temperatures in the room are the same in dl the
enclosed room smulations. This observation shows that the locdisation of the cable has a negligible
effect on the whole therma behaviour of the room. The Fgure 6 shows the evolution of the room
temperature. As shown in this figure, the high volume of the room associated with a rdatively low
heat release rate of the fire (<350 kW) induce low maximum temperatures in the room (T, <80°C).
This observation means that any falure or ignition of the target may be due either to radiant heat
trandfer from the flame or from convective heet transfer with the plume, but not from convective heat
transfer with the hot gas layer.
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Figure 6: Room temperature.

The Figure 7 shows the evolution of the hot and cold layer depth. As can be seen on this figure, the
target isin the hot gaslayer from t=160s.
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Figure7: Gaslayer depths.
Thetarget.

As mentioned before, the heating of the cable is principaly due to the radiant heat released by the
flame and, given its position, to the convective heet transfer with the hot gas of the plume. The Figure
8 showss the temperature of the first mesh at the centre of the target. In the following of the text it will
be referred as the maximum surface temperature of the target. The evolution of the temperaure
surface of the cable follows the heat release rate of the fire and sarts decreasing when t»150s. As
can be seen on the Figure 8 and on the Figure 9 the ignition temperature is reached when the
digance between the midpoints of the trash bag and tray is between 0.4m and 0.5m.
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Figure8: Temperature" surface" of the cable.
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Figure 9: Maximum temperature " surface" of the cable.

The strong difference between the results with d=0.4 m and d=0.5 m comes from the fact that in the
last case the cableis never in the plume of the fire (according to the calculations). The increasein the
temperature for d>0.5m is only due to the radiant hegt released by the flame,

The Fgure 10 shows the temperature of the centra mesh. The low therma conductivity of PVC
induces a strong temperature gradient between the surface and the centre of the cable.
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Figurel0: Temperatureinsidethe cable.
3.3.2 Ventilated room.

The results obtained in ventilated configurations and with d=2.2 m are nearly the same asiin the base
case. As can be seen on Figure 11, the temperature in the room does not exceed 80°C. The results
of both calculations are very near until t=160 s ; before this time the interface height is above the
vents and the door and the mass flows due to ventilation only concern the lower layer.
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Figure 11: Temperature profilesfor the cases with the door open
and ventilation system on

The Figure 12 shows the cable temperature. The maximum temperature surface of the target is less

than 60°C in both cases far from the ignition temperature. The break in the dope at $,160 s
corresponds to the time when the cable enters the hot gas layer (cf. Figure 35). From this moment,
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convective hest transfer with the gas of the room quickly increases since upper layer's gas are hotter
than lower layer's ones.
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Figure 12: Cable temperature.
All the other results concerning the case 4 and the case 5 are reported in the Appendix 2.

3.3.3 Complementary study.

The cdculation of the radiant heat transfer between the flame and the target is based on a classicd
point source approach. If r is the distance between the point source and the cable, the radiation heat
on the cable is expressed as.

W . as .
F target =F flame - rad XE: Ffla’ne-rad x04p7 (an)

where Wisthe solid angle, f 14 iSthe radiant heat on the target, f gjameraq the radiant heat released by
the flame and dS the surface of the target "seen” by the point source.

When the target is cylindrica, dS remains congstant and the solid angle decreases as the distance
between the fire and the calde. The radiation heat on the cable only depends on r. On the other
hand, when the cable is modelled as a dab (see Figure 13), the solid angle decreases asr increases
and because of the decrease of dS. The radiation heat on the cable no more depends directly on ré.

6 Remember that in our modelling, only two opposite faces are involved in heat transfer.
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Figure13: Radiant heat released on the target

In order to avoid this phenomenon, the problem has aso been moddled in the following way: the
target islocated upon the fire source, the distance between the top of the fuel and the target being the
same asin thered geometry.

O

A

A
y

A

A K
A4

Figure 14: Real geometry (left) and modelled problem (right).
The distance between the fuel surface and the target is given by :

’=(R+d)*+(Z-h-e)?
Where: R = the radius of the fud surface,
e = the depth of the fud (=0.048m),
h = the height of the fuel (=0.62m).

If H isthe absolute height of the target in the moddled problem, the relation between d and H is

d(m) 0.15 0.3 0.9 15 2.2
H (m) 2.36 2.40 2.69 3.09 3.65
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cComments:

1/ In this approach convective heat exchange between the hot gas layer and the cable depends on
the distance between the fire source and the target. The consequences of this difference are probably
low since, as can be seen in the previous parts, the decrease of the interface height is quite fast and
the increase of the temperature of the hot geslayer isratively smdl.

2/ The source of the code has been modified in order that the convective heat exchanges on the
target, which is now in the fire plume, are not cdculated with the plume temperature.

The Figure 15 shows the maximum temperature surface of the cable when heated by radiant heat
from the flame.
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Figure 15: Temperature" surface" at the centre of thetarget.

Severd comments can be made:
1/ The maximum temperature surface never reaches the ignition temperature (370°C).

2/ The maximum temperature surface decreases when the distance between the fire and the target
increases.

3/ The sudden dopes changes in the temperature profiles correspond to the time when the target
enters the hot gas layer (ex: d=0.3 m, t=150 s). At thistime, a part of the radiant hest released by
the flame is absorbed by the gas.

4/ For t>200 s the maximum surface temperature decreases. This corresponds to the fact that the
heet release rate of the fire decreases and that the gas of the hot gas layer is colder than the target.

The Fgure 16 shows the radiant heat flux on the mesh at the centre of the target. The strong

decreases observed at t=150 s for d=0.3 m and at t=120 s for d=0.9 m correspond to the time
when the target enters the hot gaslayer (see dso Figure 7).
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Figure 16: Incident radiant heat flux on the tar get.

It is ds0 interegting to highlight thet the maximum heet flux caculated for d=0.3m is only dightly
higher than 14 KW/n¥ and that the target receives this flux only during a short time. This radiant heat
flux is equd to the critical heat flux found in the literature for the PVC [4]. May be this explains the
reason why the ignition temperature is never reached in this study.

3.4 Conclusion of thefirst part

The numericd smulations of the firgt part show that, given the dimensions of the geometry and the
relaively low heet release rate of thefire, the ignition or damage of the cable is unlikely except when
it islocated in the fire plume.

4. PARTII.

4.1 Main purpose and scenario.

The objective of the part Il is to determine the damage time (t,) of the cable tray B for several heat

release rates of the cable tray stack fires (trays A, C1 and C2) and horizonta distance, d

(see FHgure 1). The effect of target devation and ventilation will aso be examined.

In this part the fire is supposed to be a burning cable tray stack. As the moddling and the prediction

of the heet release rate of such afire are extremey difficult (pyrolyss, flame propagetion, ...), the

heat release rate is considered as an input of the problem. The peak hest release rate (Q,) for the

whole cable tray stack is between 1-3 MW. The ignition period is modeled as a t- squared growth:
Q(t) = Q, (t/ty)? wheret, = 10 min

The fire duraion (Dt) is 60 min at peak heat release rate and then the decay period is described in
the same way as the ignition growth:
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The theoreticd hest release rate for the burning cable tray stack used in this part is displayed on the
Fgure 17.
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Figure 17 : Burning cabletray stack - theoretical heat release rate

The ignition and burning of the cable tray stack is modelled as onefire. The heat source (trays A, C1
and C2) is a the centre of the cable tray length and width and at the elevation of the bottom tray C2
(34 m). The fire source is assumed to be the entire length of tray C2 (15.2 m), width (0.6 m) and
height (0.24 m). In this part, the target is a Single power cable (like in part I) or an instrumentation
cable made of PVC with a diameter of 50 mm or 15 mm respectively. The cable is assumed to be
damaged when its core reaches 200°C. The target is located at the bottom right corner of cable tray
B (see Figure18).

target

tray B —p S [ [*— tay(ACL C2)

Figure 18: Part 11 —Burning cabletray stack (A, C1, C2)
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In this section, the following cdculaions are performed:

1/ The peak heat release rate for the cable tray stack is equd to 1 MW; the horizontd distance (d)
between the fire and the target is successively 3.1 m, 4.6 mand 6.1 m.

2/ The pesk heet release rate varies from 2 to 3 MW a a horizontal distanced =3.1 m, 4.6 m, 6.1

m

3/ The door is closed and the ventilaion system initidly runs; the door is open and the ventilation

system shuts after 15 min.

4/ The door is open and the ventilation system is on throughout the smulation.

5 Thetray B is2.0 m abovetray A or a the same eevation asthetray A.

6/ The target is an insrumentation cable with a diameter of 15 mm.

All the cases condgdered in this part are summarised in the table theresfter:

HRR (MW) d (m) Door Vent Sys. Target Elev. (m)
Base case 1 6.1 Closed® Off Power 11
Casel 3.1
Case 2 4.6
Case 3 2 3.1
Case 4 2 4.6
Case5 2 6.1
Case 6 3 3.1
Case7 3 4.6
Case 8 3 6.1
Case 9 Open>15min | Off>15min
Case 10 Open On
Case 11 2.0
Case 12 Same (0.
Case 13 I nstrument

Table2: Summary of casesfor part ||

4.2 Modédling of the problem with the Flamme_S code.

7 Height abovetray A

8 For simulations with the door closed, a crack (2.4m x 0.005 m) at the bottom of the doorway is assumed

9A valueinthe cell indicates the parameter is varied from the base case
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4.2.1 Theburning cable tray stack

The fue is assumed to be a cable tray stack made of PVC. The thermophysica daia for PVC are
derived from the fuel data library available with the Flamme_S code except those provided by the
definition of the benchmark (see 8 2.3). The burning cable tray stack has been divided into ten
gmdler fire sourcesthat are 1.52 m long, 0.6 m wide and 0.24 m high. This modelling of the fire
source leads to a better description of the radiative exchanges between the flame and the target than
with only one radiaive source point set in the middle of cable tray A. Besdes, the Flamme_S code
prohibits the use of the Heskestad's corrdations for the linear fire source (i.e length/width > 3). In
the calculations, the given mass fractions for CO and soot have been used to deduce the others. The
molar fractions of the combustion species introduced in the Hamme_S deata files are listed in the
following table :

Species Molar fraction
co, 0.9636
CcoO 0.1406
Soot .8958

H,0 1.0

N, 5.8647
HCI 1.0

The lower oxygen limit in the caculations is st to 12 %.

4.2.2 The cable target (tray B)

The target (tray B) has been represented by a vertica rectangular dab (see § 2.3). Its thickness and
width depend upon its nature:

Width (m) Thickness (m)
Power cable 0.078 0.025
Instrumentation Cable 0.0236 0.0075

In al the caculations performed in the second part, the target has been divided in 30 (width) x 1
(depth) x 10 (length) meshes.

4.3 Numerical results.
4.3.1 Enclosed room.
The first part of the study deals with the smulations devoted to the enclosed room (base case, cases

1 to 8 and case 13). Remember that there is only a crack a the bottom of the doorway
(24 m x 0.005 m).

Actual heat releaserate
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The evolution of the actud heet release rate as a function of timeis shown in the Figure 19. Thefireis
quickly into the upper layer (see Fgure 22). Given the volume of the room and the lower oxygen
limit (12 %), the fire sdf-extinguishes due to the lack of oxygen in the upper layer (see Figure 20).
As expected, the extinction delays decrease with the increase of the mass burning rate (i.e. with the
pesk heat rlease rate). The different extinction times are listed in the following table

Q, Extinction ddlay ()
(MW
1 720
2 556
3 484

After the fire extinction, the oxygen molar fraction in the upper layer remains constant because the
interface height behaves as afictitious solid surfacel0 (see Figure 20). In the cooler zone, the oxygen
concentration remains condtant to itsinitid vaue.
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Figure19: Actual heat releaserate

10 No mass flow enter or leave the layers

A-21




SESHP/GME/IPS/FLS/C60/RP/00.930 Study of cable tray fires of redundant safety
trains with the Flamme_S code.

25
case3, 4,5
20
,IBase case, case 1, 2, 13
A&7
815
:
8
]
=10
5
0
0 200 400 600 800 1000

Time (s)

Figure 20 : Oxygenmolar fraction in the upper layer

Upper and lower layer temper ature

The andyds of the numerica resultsshows that the temperature profilesin the upper layer display the
same tendency as the heet release rate (see Figure 21): the higher the pesk hesat release rate, the

higher the maximum temperature in the upper layer. These temperatures are summed up in the
following table :

Case Maximum Upper layer
temperature (°C)
Base case, Case 1, 2, 13 192
Case3,4,5 244
Case6,7,8 267
20 @\A Acase3 4.5
Upper layer temperaturd -

Ay
LA

Temperature (°C
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Time(s)
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Figure 21 : Upper and lower layer temperatures
The Figure 22 dso shows that the shift for the lower zone temperature is week.

Gaslayer depth

The Figure 22 displays the gas layer depth for al cases corresponding to the enclosed room. As
shown in the figure, each curve hes two inflexion points. The first one is reached when the interface
height is near the upper surface of the burning cable tray stack. Beyond this moment, there isn't any
more fresh ar going into the upper layer from the cooler region throughout the plume. Nevertheless,
due to the burning of the cable tray the combustion products go on filling out the upper layer.
Therefore, the thickness of the lower layer decreases far below the fire place. When the fire self-
extinguishes, the second inflexion point is reached. Beyond this moment, the quick cooling of the hot
gasesresultsin an increase of the interface height.
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Figure 22 : Gaslayer depth

The target

The temperature profiles at the surface and centerline of the target are displayed on the Figure 23.
Each surface temperature profile digplays a sudden change in its dope soon after the ignition of the
cable. At thistime, the target is plunged into the upper layer. The emissivity of the hot gasesis around
0,5 and tends to increase. A non negligible amount of the fraction of heat rleased by the flame as
radiation is absorbed by the hot gases. Thus, the increase of the target temperature is mainly due to
the convective and radiative heat exchange betwean the target and the gases. Whatever the case, the
maxima surface temperature of the target is dways lower than the damage temperature (200°C)
(seethefollowing table) :
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Target maximd surface
temperature (°C)
Basecase, Case 1, 2 130
Case3,4,5 154
Case6,7,8 161
Case 13 148

Besides, the core temperature of the target is dso far below the surface temperature due to the value
used for the therma conductivity coefficient for PVC (0.092 W/mK) except for the casel3. In the
case 13, the core emperature is much higher (see Figure 23) because the diameter of the instrument
cableisindeed three times less than that of the power cable.

For the base case and the cases 1, 2, 13, the maxima upper layer temperature is evenless than
200°C . Obvioudy, the target won't never be damaged. For the other cases, the comparison of the
fire duration with the time needed for heet to reach the core of the target gives an indght of the
reasons why the target will likely never be damaged. Remember that arough estimate of how long it
will take the back of the wdl to fed an increase in the temperature on the front face is given by the

e2
——— [3].
W)
where eisthewadl thckness, | thetherma conductivity, r the density and ¢ the specific hest.

following fomula: t; »

Therma penetration time (S) Fire duration
(to reach the core of the cable) (9
Power cable 200 720 (base case)
Ingtrument cable 20 720 (case 13)

For the power cable, both characteridtic times have the same magnitude. 1t consequently takes anon
negligible amount of time to heat the whole cable (see Figure 23). For the instrument cable, with a
short delay, the centerline temperature profile diplays the same tendency as the surface temperature
profile because the therma penetration time is smdl in comparison with the fire duration.
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Figure23: Cabletemperature profiles (tar get)

1200

Asthe hegt of the tray B mainly results from the therma exchanges with the hot gases, the distance d
between the target and the burning cable tray stack has no effect upon the temperature profiles in the

target.

Additiond results are given in the Appendix 2.

4.3.2 Ventilated room.

Case9.

This case is different from the base case because of the ventilation conditions. The door is closed
until 15 minutes a the time when the mechanicad ventilation is stopped. The Fgure 24 shows the

evolution of the heat release rate of the cable fire. Despite the mechanicad ventilation, the fire salf-
extinguishes a t=720 sfor lack of oxygen.
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Figure 24: Heat releaserate.

As can be seen on the Figure 25 the fire source is quickly (t=200s) in the upper layer where the
oxygen concentration reaches 12% at t=720s (Fgure 26). In this case the fire duration is too short
for the ventilation effectsto be felt.
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The temperature profiles in the room (Figure 27) show the same tendency as the heat rel ease rate of
the fire. The maximum temperature does not exceed 200°C and this explains the reason why the

target remains far under the damage temperature (Figure 28).
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The sudden dopes change in the cable surface temperature at t=200s corresponds to the time when
the target enters the upper layer. At this time the convective heat exchange between the cable and
the gas quickly increases because of the rdaively high temperature of the gas of the upper layer.
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Figure 28: Cable temperature (tar get).

Complementary results are presented in the Appendix 2.

Case 10 and 10b.

1200

In the case 10, the door is open and the ventilation system is on during dl the fire duration. The case
10b is a complementary Smulation in which the eevation of the cable fire is 2.3 m (height of the
cabletray A). Thislast Smulaion ams at studying the effect of the fire devation in the modd.
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The Figure 29 shows the hest release rate of the fire in the cases 10 and 10b. In the first case, the
fire sdf extinguishes a t=720 s for lack of oxygen wheress in the second case the fire reaches the
end of the imposed HRR.
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Figure 29: Heat releaserate of thefire.

e rate (kW

This difference is directly involved to the devation of the fire source. In the case 10, the fire enters
rapidly the upper layer of the room where the oxygen molar fraction reaches 12% at t=720s. In the
case 10b, the interface height reaches the bottom of the mechanica vents before the fire sdf-
extinguishes for lack of oxygen Figure 31). From this time, the upper layer is supplied with fresh ar
from the outsde and the oxygen molar fraction remains enough to ensure the combustion Eigure
30).
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Figure 30: Oxygen molar fraction in the upper layer.

A-28




SESHP/GME/IPS/FLS/C60/RP/00.930 Study of cable tray fires of redundant safety
trains with the Flamme_S code.

|

(_
WJ

N

interface height (m
w
ﬁ

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000
time (s)

Figure 31: Interface height in the room.

The temperature profiles in the room show the same evolution as the heet rease rate of thefire. The
temperature increase in the room is quicker in the case 10 than in the case 10b a the onset of the
fire. This comes from the fact that in the second case the dilution of the combustion products with the
ar entrained by the plumein the upper layer is more important. On the other hand, one can observed
that in the case 10b the cable surface temperature exceeds 200°C at the end of the fire. In the case
10, the cable surface temperature does not reach 150°C because of the short duration of the fire.
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Figure 32: Cable surface and room temperature.

These amulations show the grong influence of the fire devaion in the current moddling of the
problem.

Complementary results for the case 10 are reported in the appendix 2.
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Cases11, 12

The difference between these cases and the base case is the devation of the target which is
2 m (case 11) or 0 m (case 12) above the cable tray A. The eevation of the target has no effect on
al the properties of both layers. Furthermore, for the same eevation asthe cabletray A, thetarget is
aways in the cooler zone during dl the smulation. Thus, the temperature of the whole target keeps
nearly constant (around 30°C).

As the ceiling jet phenomenon is not modeled in the Hamme S code, arise in the devation of the
target (2 m above thetray A) leads to the same results as those obtained for the base case.

4.4 Conclusion of the second part

In the second part, the heating of the cable tray B is mainly due to the therma exchanges with the hot
gases. Whatever the case, the tray B islikely never damaged because the surface temperature of the
target is below the damage temperature advised for the cable (200°C). For the enclosed room, the
eevation of the target doesn't matter for the caculations because the celling jet effect is not taken
into account.

From a caculation point of view, the elevation of the fire seems to be much more important. For
example, when the fire is sat to the elevation of cable tray A (Q, = 1 MW), the fire reaches the end
of the imposed hest release rate leading to higher temperatures in the hot gases. In this case, near the
end of the fire, the surface temperature of the target is dightly above the specified damage
temperature. But even in this case, the target is not damaged.

5. CONCLUSION.

Thisreport is devoted to astudy of cable tray fires of redundant safety trains with a two-zone modd.
The am of this work is to evauate fire modds for nuclear power plant goplications. All the
caculations have been performed with the 2.2 version of the FLAMME_S/ SIMEVENT code.

The power and instrument cables trays (tray A) associated with the redundant safe shutdown
equipment (tray B) are st in a representative PWR emergency switchgear room. They are arranged
in separate divisons and separated horizontdly by adistance d.

The study is divided in two parts. The purpose of the first one is to determine the maximum distance
between a specified trandent fire and the cable tray A which results in the ignition o the cable tray.
The fireis assumed to be a trash bag containing wood. The am of the second part isto evauate the
damage time of the redundant sdfe shutdown equipment
(tray B) for severd pesk heat release rates of the cable tray stack A (1 - 3MW) ard various
horizonta distance d (3.1 m, 4.6 m, 6.1 m). In this part the cable trays are supposed to be made of
PVC. Theignition of the cable fire is moddled of as at-squared growth. The same modelling is used
for the extinction of thefire.
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The calculations achieved in the part | show that the heeting of the cable tray A is mainly due to the
fraction of energy released by the flame as radiaion and, given the location of the trash in the room,
to the convective exchanges with the plume. The main results of the numericd smulations are thet,
given the Sze of the switchgear room and the relatively low hest release rate of the trandent fire (350
kW), the ignition or damage of the cable tray A is unlikely except when it isin the plume of the fire.

In the second part, the andysis of the numerica results shows thet the heeting of the cable tray B

principaly results from the therma exchanges with the hot gases of the upper layer. Asin part |, the
damege of the redundant cable B is unlikely. Furthermore, the elevation of the target in the room has
no effect upon the results because in the Hamme_S code the ceiling jet phenomenon is not modelled.
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7. APPENDIX.
7.1 Appendix 1.
This appendix presents the results of the door open and ventilation system on cases.

7.1.1 Case4 - Door open.
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Figure 33: Massflow rate through the door.
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Fgure 33, Figure 34, Figure 35 and Figure 36 illustrate how mass flows take place through the door.
For t < 80 s, the dight increase of the room temperature induces a flow from the lower layer of the
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room toward the outside. At t » 80 saneutra plane occurs (Figure 34); mass flow leaves and enters
the lower layer of the room. For t > 140 s, the interface height in the room reaches the top of the
door (Figure 35) ; mass flows leave the lower and ypper layers of the room and enter the lower
layer.
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Figure 36: Massflow ratethrough the door.
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7.1.2 Caseb5 - Ventilation system on.

The Figure 37 and the Figure 38 show the mass flow rates through the air supply and exhaust vents.
Since the density of the ambient air is 1.17 kg/n¥, it corresponds exactly to a flowrate of 5 volume
changes per hour.

The digribution of the flows between the upper and lower layers depends on the height of the
interface. Before t = 180 s, the interface height is higher than the top of the vent and dl the flows
enter and leave the lower layer. On the contrary, for t = 480 s the interface reaches the bottom of the
vents and flows enter and |leave the upper layer.
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7.2 Appendix 2.
7.2.1 Enclosed cases (1,2,3,4,5,6,7,8,13)

Combustion species concentr ation.

The Figure 39, Figure 40 and Figure 41 display the molar fraction of the chemicd species in the
upper layer for the base case and the cases 1 to 8 and 13.

As previoudy observed the fire duration does not exceed:
° 720 sfor the cases 1,2,13,

° 556 sfor the cases 3,4,5,

o 484 sfor the cases 6,7,8.

From these times, the interface behave as a "solid" boundary that separates the upper and lower
layers. No exchange between the layers occur and the molar fraction of the chemica species remain
constant.
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Figure 39 : Chemical speciesin the upper layer
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Figure 4l : Chemical speciesin the upper layer

Incident Radiant flux on thetarget (cabletray B)

The Figure 42 shows the incident radiant flux on the target. As previoudy explained, the profiles
display a sudden dopes change corresponding to the time when the cable tray B enters in the upper
layer.
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Figure 42 : Incident radiant flux on the tar get
7.2.2 Case9.

The Figure 43 shows the molar fraction of the chemica species in the upper layer. As previoudy
observed the fire duration does not exceed 720s and, from this time, the heights of the upper and

lower layers are nearly congtant. This explains the reason why no decrease of the molar fraction in
the upper layer is observed.
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Figure 43: Chemical speciesin the upper layer.

The following figure is reported only to check thet the ventilation system ensures a flowrate of 5
volume changes per hour in and out of the room.
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Figure 44: Flowrate in and out of the room.

7.2.3 Case 10.

The Figure 45 shows the molar fraction of the chemica species in the upper layer. As previoudy
observed the fire duration does not exceed 720s and, from this time, the heights of the upper and
lower layers are nearly congtant (cf. Figure 31). This explains the reason why no decreaese of the
molar fraction in the upper layer is observed.
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Figure 45: Chemical speciesin the upper layer.

The Figure 46 shows the mass flow rate through the door. Since the interface height never reaches
the top of the door, only the lower layer is concerned with these flows.
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Figure 46: Flow rate through the door.
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SUMMARY

This Appendix presents analyses conducted with the CFAST and FDS fire models for an
international benchmark exercise aimed at evaluating the capability of current fire models to
simulate cable tray fires of redundant safety systems in nuclear power plants. The exercise
involved simulating fire scenarios in a large nuclear power plant compartment with cable
trays as targets in varying ventilation conditions. The analyses demonstrate that both the
CFAST and FDS codes provide a treatment of most physical phenomena in the scenarios
analyzed. The predicted time scale and magnitude of the main parameters of interest in these
scenarios by both codes are similar. The sub-model for the target, and issues regarding the
thermal environment of the target, are the largest source of uncertainty for these types of
scenarios. It will be useful to conduct validation exercises for CFAST and FDSin which the
predictive capability of target damage is the main focus of the validation. These exercises
will provide information to allow the development of quantitative estimates of the
uncertainties for the major parameters of interest.

INTRODUCTION

The anadlysis presented in this Appendix was conducted as part of a benchmark exercise in
the International Collaborative Project to Evaluate Fire Models for Nuclear Power Plant
Applications (Dey, 2000). The objective of the collaborative project is to share the
knowledge and resources of various organizations to evaluate and improve the state of the art
of fire models for use in nuclear power plant fire safety and fire hazard analysis. The project
is divided into two phases. The objective of the first phase is to evaluate the capabilities of
current fire models for fire safety analysis in nuclear power plants. The second phase will
implement beneficial improvements to current fire models that are identified in the first
phase, and extend the validation database of those models. Currently, twenty-two
organizations from six countries are represented in the collaborative project.

The first task of the international collaborative project is to evaluate the capability of fire
models to analyze cable tray fires of redundant safety systems in nuclear power plants. The
safety systems are required to safely shutdown the reactor during abnormal and emergency
events in the plant. A specified distance separates cable trays of redundant safety systems if
they are located in the same compartment in which a single fire could potentially damage
both systems. Therefore, the analysis of fires that could damage redundant safety trainsis an
important part of nuclear power plant fire hazard analysis. The evaluation of the capability
of fire models to analyze these scenarios is being conducted through an international
benchmark exercise.

The benchmark exercise (Bertrand and Dey, 2001) is intended to simulate a basic scenario
defined in sufficient detail to allow evauation of the physics modeled in the fire computer
codes. An assessment of appropriate input parameters and assumptions, interpretation of
results, and determining the adequacy of the physical sub-models in the codes for specific
scenarios will establish useful technical information regarding the capabilities and limitations
of the fire computer codes. This valuable information will be documented in a technical
reference manual for fire model users. Generic insights regarding the capabilities of the
models will also be developed in this process and documented. The comparisons between
codes can be used to understand the modeling of the physics in them, i.e. if al the codes
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produce similar results over a range of scenarios then the physics modeled in the codes is
probably adequate for this scenario. However, the compounding effects of different
phenomena will also need to be examined as part of this evaluation. Some variations in the
results may be acceptable depending on how the results will be used. Uncertainties in the
predictions based on validations of each code will provide a basis for the confidence on the
set of results developed in the exercise.

This Appendix presents the analyses for the benchmark exercise conducted using the
Consolidated Fire And Smoke Transport [CFAST] (Jones, 2000), and Fire Dynamic
Simulator [FDS] (McGrattan, 2000) computer codes developed by the National Institute of
Standards and Technology, U.S. Department of Commerce. The paper provides the results
of an assessment and verification of the capability of these computer codes to analyze the fire
scenario specified for the benchmark exercise.

DEFINITION OF SCENARIO

A representative emergency switchgear room for a Pressurized Water Reactor (PWR) has
been selected for this benchmark exercise. The room is 15.2 m (50 ft) deep x 9.1 m (30 ft)
wide and 4.6 m (15 ft) high. The room contains the power and instrumentation cables for the
pumps and valves associated with redundant safety systems. The power and instrument cable
trays run the entire depth of the room, and are separated horizontally by a distance, d. The
cable trays are 0.6 m (»24 in) wide and 0.08 m (»3 in) deep. A simplified schematic of the
room, illustrating critical cable tray locations, is shown in Figure 1. The room has a door, 2.4
m x 24 m (8 ft x 8 ft), and a mechanical ventilation system with a flow rate of 5 volume
changes per hour in and out of the room.

There are two parts to the exercise. The objective of Part | is to determine the maximum
horizontal distance between a specified transient (trash bag) fire and tray A that resultsin the
ignition of tray A. Part Il examines whether the target cable tray B will be damaged for
several heat release rates of the cable tray stack (A, C2, and C1), and horizontal distance, d.
The effects of the fire door being open or closed, and the mechanical ventilation on or off,
are examined in both parts of the benchmark exercise.

VALIDATION OF THE CFAST AND FDS FIRE CODES

The CFAST and FDS fire codes have been compared to several data sets from experiments,
including those with configurations and fire intensities similar to that specified for the
benchmark exercise. However, none of the tests included cable trays as target materia to
measure the response of the target to the physical environment in the compartment.

Results from the CFAST code have been compared to several tests of fires in spaces ranging
from small compartments to large aircraft hangers. Peacock (1993) compared predictions of
CFAST to four fire tests in a single compartment, multi- compartment on a single floor, and a
sevenstory building. The magnitude and trends (time to critical conditions and general

curve shape) are reported. The comparisons ranged from a few percent to a factor of 2 to 3
of the measured values.
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Results from the FDS code, Version 1, has been compared with experimental data for open
plumes, back draft, flashover, a warehouse fire, pool fires in a Navy Hangar, and firesin a
decommissioned nuclear reactor containment. These comparisons demonstrated the
enhanced predictive capability of this code for a wide range of fire scenarios, and aso
identified areas for improvement. Specifically, the modeling of radiation from the hot gases
and walls is an important effect in nuclear power plant compartment fires. The modeling of
this effect has been included in Verson 2, which was released in December 2001.
Significant improvements in the predictions of the tests in the decommissioned containment
building have been achieved with FDS, Version 2.

Although severa comparisons of these codes to experimental data are available, it is not
possible at this stage to trandate this research to quantitative estimates of uncertainties of the
predicted results from the codes for the benchmark exercise. A complete analysis of past
validation research, including an examination of the effect of the specifics (compartment
configuration, fire source intensity, ventilation, etc.) of a fire scenario on the predictive
capability of the codes is planned.

RESULTS OF THE ANALYSES
Part |
CFAST Analyses

The major sub-models used in CFAST for the scenarios specified in the benchmark exercise
are (1) combustion chemistry (tracking O, and species); (2) plumes and layers; (3) vent flow,
including forced ventilation; and (4) heat transfer, especially radiation and convection to the
target.

The following presents the major highlights of the results obtained for the anaysis of the
benchmark exercise. The trends of various parameters are examined to verify the adequacy
of the basic sub-models for the specific scenarios. The general conclusions from the exercise
are aso presented, although as indicated above, quantitative estimates of the uncertainties
associated with the predictive capability of the codes for the specific parameters examined
are not available at this time.

The measured heat release rate (Lee, 1985) of a large trash bag was used as input for the
simulation as shown in Figure 2. In order to conduct a smplified and conservative analysis,
the target is assumed to be a single power cable with a diameter of 50 mm at the bottom |eft
corner of the cable tray A. Consistent with the target models in CFAST and FDS, the target
cable is represented as a rectangular dlab oriented horizontally with a thickness of 50 mm.
The cable is assumed to ignite when the centerline of the cable reaches 643 K. Table 1
summarizes the cases for Part | of the benchmark exercise. The peak heat release for the
trash bag fire (Figure 2) for Part | is» 350 kW, and peaks at » 150 s.
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Tablel. Summary of Casesfor Part |

Distance between Door Ventilation System
Trash Bag & Cable

Base Case 2.2m Closed Off

Casel 0.3"

Case?2 0.9

Case 3 15

Case4 Open

Case 5 On

* For simulations with the door closed, a crack (2.4 m x 0.005 m) at the bottom of the doorway was

assumed.
*A value in acdl indicates the parameter was varied from the base case.

Base Case

Figure 3 shows the predicted oxygen depletion for the Base Case. The oxygen concentration
in the lower layer stays approximately constant, as would be expected. The oxygen
concentration in the upper layer decreases by » 1 % to 19.2 %. Therefore, the fire will not be
limited by oxygen in this fire scenario.

Figure 2 also shows the plume flow development during this scenario. The main plume flow
increases rapidly at the initiation of the fire, and does not follow the fire heat release rate, as
expected. CFAST over predicts mass entrainment at the initial stages of the fire because of
the plume height used in the calculation of the entrained air. Initialy, the plume height is
assumed to be from the fire to the ceiling. This leads to an over prediction of the initial mass
flow to the upper layer, and the rate of descent of the gas layer interface.

Figure 4 shows the hot gas layer (HGL) temperature and the interface height development.
The upper layer temperature peaks at » 230 s, about 80 s after the fire peaks, due to the lag
time for the heating of the gas by the fire. In this scenario, the upper layer temperature
increases only about 50 K. After peaking, the upper layer temperature decreases with time
due to the heat loss to the boundaries. The interface height decreases rapidly initialy due to
high plume flow (see Figure 2). The rate of descent of the interface height decreases after »
230 s when the HGL temperature has peaked. The hot gas layer is prevented from reaching
the floor due to air inflow at the crack below the door caused by a negative pressure in the
compartment (see Figure 5).

Figure 5 shows the pressure development, and the resulting flows in and out of the
compartment. The pressure peaks at » 150 s when the fire heat release rate peaks, as would
be expected. The pressure decreases after the fire peaks due to outflow from the
compartment at the crack under the door, and swings to a negative value. The small
oscillations in the pressure after » 250 s is due to the small fluctuations in the heat release
rate. The peak in the outflow is consistent with the pressure profile, and the outflow goes to
zero when the pressure in the compartment is less than the outside. The initiation of inflow is
consistent with the pressure profile, and is much less than the outflow. The small oscillation
of the inflow is caused by the fluctuations in the pressure.
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Figure 6 shows the components of the heat flux to the target. The radiative flux on the target
from the fire follows the fire heat release rate curve, as expected. The radiative flux on the
target (lower side) from the hot gas increases at the point (» 100 s) when the interface height
reaches the target. The radiative flux from the hot gas on the target peaksat » 280 s, 50 s
after the upper layer temperature peaks, and decreases in a sSimilar manner to the upper layer
temperature. The lag between the peak in the radiative flux from the hot gas and the upper
layer temperature is because of the time reeded for hot gas layer growth under the target.

The convective flux is negative initially because the target temperature is greater than the
lower layer temperature. The convective flux becomes positive and starts to increase at »
100 s when the hot gas layer interface reaches the target, as expected. The convective flux
peaks at » 230 s when the upper layer temperature peaks, as expected.

Cases1to 3

Figure 7 shows the target surface temperatures versus time for the Base Case and Cases 1 -3.
For the Base Case, the target temperature peaks at » 290 s, » 140 s after the fire and target
flux reaches its peak due to the thermal inertia of the target. The target surface temperature
only increases » 20 K for this case. Figure 8 is a plot of the maximum surface temperatures
of the target versus the distance between the fire and target. The plot could be approximated
by a straight line and does not show a rapid increase in temperature with decreasing distance
between the fire and the target. This can be explained by examining Case 1. The radiative
flux from the hot gas layer is the same as the Base Case since the only difference between the
cases is the fire location.  The radiation from the fire is the largest in Case 1 because the fire
is closest to the target; however, the peak convective flux is half of that in the Base Case (100
vs. 200 W/nT). The decreased peak convective flux is caused by a smaller difference in
temperature between the hot gas layer and the target surface (the target surface temperature is
higher due to higher radiative flux).

Casss4and 5

The following presents some key features of the results of Case 4 and 5. Figure 9 shows the
development of the interface height for Case 4 versus the Base Case. The interface height
approaches a congtant value at » 140 s, after the HGL reaches the top of the door at » 100 s.
Figure 10 shows the development of the upper layer outflow and lower layer inflow after the
HGL interface reaches the door at » 100 s, indicating the establishment of a neutral plane
below the top of the door (at » 2.2 m). Figure 11 shows the HGL temperature devel opment
for Case 4 and 5. The HGL temperature for Case 4 is less than the Base Case after » 270 s
because of the outflow of hot gas from the upper layer (which reaches its peak value at » 200
) through the door, and higher plume flow. The HGL temperature for Case 5 is less than
that in the Base Case after » 100 s when the HGL reaches the mechanical vents, and ambient
air isinjected into and hot gas gected from the hot gas layer.

Figure 12 shows the development of flows in the mechanical ventilation system for Case 5.
The transitions in flows from the mechanical vents in and out of the gas layers occurs at
about » 100 s when the HGL reaches the mechanical \ents. The mass flow rate into the
upper layer is larger than the mass flow rate out of the upper layer because mechanica
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ventilation flows in CFAST are specified as volumetric flow rates. The temperature of the
flow out of the compartment is higher than the ambient conditions of the flow into the
compartment. Figure 3 shows that the oxygen concentration in the HGL layer is greater in
Case 5 than the Base Case after » 160 s when the HGL reaches the mechanical vents, and air
at ambient conditions is injected in to the upper layer. Figure 7 shows the target surface
temperature for Case 4 and 5 along with the other cases. The target surface temperature for
Case 4 and 5 is less than in the Base Case because of cooler hot gas layer temperatures. The
cable emperature does not approach the point of ignition (643 K) in any of the cases
analyzed.

The above analyses of the results for Part 1 demonstrates that CFAST provides a treatment of
most physical phenomena of interest in the scenarios analyzed. The results indicate that the
trends predicted by the sub-models in CFAST are reasonable and provide insights beneficia
for nuclear power plant fire safety engineering.

FDS Anayses

The following presents a summary of the analyses that was conducted with the FDS code in
order to allow a comparison with the results from CFAST. Direct comparison between
CFAST and FDS for several parameters discussed above is difficult. The total flow through
vents is not a direct output from the FDS code. Plume flow and the hot gas layer interface
height are computed directly in a zone model, but not in CFD models.

Figure 13 is an output image from the Smokeview (Forney, 2000) graphical interface to the
FDS code, which alows a comprehensive visual analysis of the code output. The specific
image in Figure 13 is a dice file, which shows the development of system parameters versus
time for a particular plane in the 3D geometry simulated. This specific figure shows a
snapshot of the temperature profile at the midpoint of the room (where the trash bag is
located) for the Base Case at 230 s. Although it is not possible to obtain an accurate
determination of the interface height from images such as shown in Figure 13, a visual
examination of the dice file versus time showed that the time scales for hot gas layer
development and peak temperatures (at » 230 s for the Base Case, Case 4, and Case 5)
predicted by CFAST and FDS are similar. Similar observations of the pressure dlice file
simulations indicated that the magnitude and timing of the pressure peak (at » 150 s for the
Base Case) were also similar.

Figure 14 is a vector plot of temperature in a plane paralel to the cable trays at the midpoint
of the room (and door) and illustrates the flow patterns for Case 4 in which the door is open.
Outflow and inflow at the door around the neutral planeisillustrated, as aso predicted by the
CFAST code. Figure 15 is a similar plot in a plane perpendicular to the cable trays at the
midpoint of the room (and fire) and illustrates the flow patterns caused by the mechanical
ventilation system in Case 5. This information will be necessary to examine the local effects
of target heating.

One important difference in the results from the CFAST and FDS codes for the type of
scenarios examined for the Benchmark Exercise is the hot gas temperature. CFAST, a two-
zone code, calculates the average temperature of the hot gas layer, whereas FDS computes
the entire temperature profile in the compartment. The peak average HGL temperature (at »
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275 s) predicted by CFAST for the Base Case is 77 C. The temperature profile predicted by
FDS for this case (at » 275 s) ranged from 75 C in the lower region to 130 C in the upper
region of the hot gas. This temperature gradient in the hot gas will determine the convective
heat flux to the cable tray depending on its vertical position. Table 2 compares the results
obtained from the CFAST and FDS codes. Most of the results are similar. The largest
difference is noted for the convective heat flux to the target in the Base Case. This is
expected because the vertical temperature gradient would be the largest for this case with no
ventilation. The differences in the target surface temperatures calculated for all the cases
analyzed are within 20 %.

Table 2. Comparison of CFAST and FDS Results

Max. Rad. Flux (w/nf) | Max. Conv. Flux (w/nf) | Max. Target Surface
At Target At Target Temp. (K)
CFAST FDS CFAST FDS CFAST FDS
Base Case 587 712 188 485 322 333
Case4 582 704 186 277 321 325
Case b5 588 710 148 180 318 319
Part I1

The following presents the results of analyses with the CFAST code. Due to time

constraints, FDS was not exercised for Part |l of the benchmark Exercise.

Predicting the heat release rate of a burning cable tray stack is extremely complex, therefore,
the mass loss rate of the burning cable tray stack was defined as input in the exercise. The
consecutive ignition and burning of al 3 cable trays (trays A, C2, and C1) were modeled as
one fire. The analyses were conducted assuming a peak heat release rate for the whole cable
tray stack between 1 — 3 MW. A tsquared fire growth with t, = 10 min., and @, =1 MW
was assumed, where:

Q=Q (tt)°

The cable fire was assumed to last for 60 minutes at the peak heat release rate, and decay in a
t-squared manner with smilar constants as for growth.

The heat source (trays A, C2, and C1) was assumed to be at the center of the cable tray
length and width and at the same elevation as the bottom of tray C2. The target (representing
tray B) was assumed to be at the center of the cable tray length. In order to conduct a
simplified and conservative analysis, the target was assumed to be a single power or
instrumentation cable, without an electrical conductor inside the cable, and with a diameter
of 50 mm or 15 mm respectively at the bottom right corner of cable tray B. The target in
CFAST is modeled as a rectangular slab, and was assumed to be horizontally oriented with a
thickness of 50 mm or 15 mm. The cable was assumed to be damaged when the centerline of
the cable reached 473 K.

Table 3 summarizes the cases for Part 11 of the benchmark exercise.
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Table3 Summary of Casesfor Part 11

Fire HRR Mech. Vent. Target
Scenario | (MW) | D (m) | Door Position Sys. Target Elev. (m)
Base Case Power
1 6.1 Closed Off Cable 1.1
Case 1l 31"
Case 2 4.6
Case 3 2 3.1
Case 4 2 4.6
Case 5 2 6.1
Case 6 3 3.1
Case 7 3 4.6
Case 8 3 6.1
Case9 Open>15 min | Off>15 min
Case 10 Open On
Case 11 2.0
Case 12 Same
Case 13 Instrument
Cable

* For simulations with the door closed, a crack (2.4 m x 0.005 m) at the bottom of the
doorway was assumed.
*A value in a cell indicates the parameter is varied from the base case.

Base Case

Figures 16 to 20 show the predicted results of the main parameters of interest. Figure 21
shows the pyrolysis rate specified for the case. The predicted trend for the heat release rate,
interface height, and oxygen concentration in Figures 16, 17, and 18 is collectively
examined. CFAST predicts that the HGL interface lowers to the fire source (at an elevation
of 34 m) a » 580 s. The heat release rate decreases rapidly at this time since the oxygen
concentration in the HGL is lower than the specified lower oxygen limit of 12 %. The
interface height increases at this point due to inflow into the lower layer from the outside
caused by a rapid reduction in the heat release rate and pressure. The heat release rate
increases after this point due to the fluctuations in the interface height that temporarily
expose the fire source to sufficient oxygen in the lower layer. After » 600 s, the interface
height starts to decrease slowly as a result of continued pyrolysis and the production of
hydrocarbons.

The HGL profile shown in Figure 19 is consistent with the HRR profile shown in Figure 16.
The HGL temperature reaches its peak of » 440 K at » 600 s when the HRR peaks, and
decreases rapidly with the heat release rate. The HGL approaches ambient conditions at »
1200 s shortly after the HRR goes to zero. The target surface temperature is shown in Figure
20 and peaks at » 600 s at a value 323 K, only 23 K above ambient conditions. The target

temperature then decreases at a less rapid rate than the HGL temperature due to the thermal
inertia of the PVC cable.
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The above analysis demonstrates the complexity in modeling an elevated fire source which
can be affected by a limited oxygen environment. The assumption for the LOL will have a
significant effect on the predicted peak target temperature. Conservative assumptions are
warranted due to the uncertainty in the extinction model used in CFAST.

Casssland 2

Analysis of the results for Cases 1 and 2 showed that the distance between the fire and target
did not have a strong effect on the target temperature. The absence of the typical strong
effect of the distance between the fire and target due to the radiative flux incident on the
target was discussed earlier.

Cases3t08

As discussed above, the cable tray fire in the Base Case is limited by the oxygen depletion in
the environment. Cable tray fires that could be potentially more intense (as specified by the
pyrolysis rate for these cases) are also limited, i.e., the HRRs are similar to that specified for
the Base Case. Therefore, these cases are not discussed further here.

Special Case

Since the fire was extinguished after » 720 s and well before 4800 s, the expected duration of
the fire, a special case was analyzed. The specia case was the same as the Base Case, except
the fire was located at an elevation below the top of the door at 1.8 m, and the door was open.
Natura ventilation of the hot gases through the door prevented the HGL from reaching and
extinguishing the cable tray fire. Therefore, a fire that was sustained at the specified
intensity for 3600 s was achieved. Figure 22 shows the HGL and target surface temperature
development. The HGL and target surface temperatures peaked at 457 K and 435 K.

CONCLUSIONS

The above analyses of the benchmark exercise for cable tray fires of redundant safety
systems demonstrate that both the CFAST and FDS codes provide a treatment of most
physical phenomena in the scenarios analyzed. For Part |, the time scale and magnitude of
the development of the main parameters of interest in these scenarios are similar.  The
difference in the predicted target surface temperature between the codes is less than 20 % for
the scenarios analyzed. Comparisons of these results with those obtained by others using
different fire codes in the benchmark exercise will further verify the physical sub-modelsin
these codes. Comparison of code results with data from a test series specifically focused on
target damage would broaden the validation database of these codes.

The analysis of the scenarios in Part |1 demonstrate the complexity in modeling an elevated
fire source that can be affected by a limited oxygen environment. The extinction sub-models
utilized in CFAST is an approximation of the interaction of the complex combustion process
with a limited oxygen environment. Therefore, the result from the extinction sub-mode
represents an approximation of the conditions expected for the fire scenarios. The assumption
for the LOL will affect the predicted peak target temperature. Therefore, conservative
assumptions are warranted due to the uncertainty in the extinction model.
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It is concluded that the results obtained from these codes can provide insights beneficial for
nuclear power plant fire safety analysis for the type of scenarios analyzed, if the limitations
of the code is understood. Further analyses of different fire scenarios are planned. The sub-
model for the target, and issues regarding the thermal environment of the target, are the
largest source of uncertainty for the types of scenariosin Part |. It will be useful to conduct
validation exercises for CFAST and FDS in which the predictive capability of target damage
is the main focus of the validation. Also, more refined measurements and data analyses are
needed to estimate the quantitative uncertainties of the parameters predicted in the analyses
of these fire scenarios. The code results, with quantitative estimates of the uncertainties in
the predicted parameters, should provide a sound basis for engineering judgments in nuclear
power plant fire safety analysis.
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Introduction

The cdculations presented here were done with MAGIC V 3.4.7. The code was used in its standard
verson. MAGIC uses atwo-zone modd including most of the classic features:
- Gaseous phase combustion, governed by pyrolysis rate, product properties and oxygen feeding
(plume entrainment)
- Two homogeneous smoke and gas layer temperature and concentration gretification, mass and
energy baancesinto gases
- Heat trandfers by contact and radiation between flame, gases and smoke, wals and
surrounding ar, therma conduction in multi-layer walls, obstacles to radiation
- Massflow trandfer: Fire- plumes, caling jet, openings and vents
- Therma behavior of targets and cables, secundary source ignition, unburnt gas flames across
opening
A data base for combugtibles and materids is dso available. A description of the code features can be
obtained in [1]. The vdidation file of the code [2] is based on full-scale experiment data.
This file is used to improve the validated range of the code: volumes from 11 to 1300 n#, firesfrom
100kW to 2.5 MW, mono-compartment and multi- compartment varied configurations, liquid fires, solid
fires, poal fires, linear fires

Two case were proposed to the participants (figure 1 - [4]). Smulation were done with Verson 3.4.7 of
MAGIC withaLOL (Low Oxygen Limit) of 12%, then of 0%.

Part 1. fluxes on atarget exposed to a Part 2. redundart tray B exposed to atrash bag

fire (5 cases sudied) tray A cablefire (13 cases sudied)
Figure 1 : the proposed cases
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Input parameters
The data used for input was directly provided by the benchmark definition of scenario [4].
Some of the requested parameters were not taken into account :

- thewdl emissvity (0.94 wanted) is fixed to 0.9 in MAGIC

- ar humidity (Magic conddersdry air)

- the door gtructure is not considered in MAGIC (adiabatic materid)

- the specie yields are not considered n MAGIC. Only [O2], [ChHm and smoke properties

are conddered in MAGIC, their production is obtained from the source and plume behavior.

- chemicd characteristics of cables were not taken into account: only thermo-physicd
characteristics are necessary in MAGIC.

- the tray width and depth were not necessary : we use a single cable to obtain a conservetive
gpproach of the cable temperature increase.

Some missing data which had to be st:

- smoke opacity for the trash-bag firewas fixed to 0.5 nr 1
- the missing stoechiometric ratio for the trash-bag fire was fixed to 1.184 gO2/g

Some other data was not fixed by the text and let to the user choice:

- wall effect on plume : this option impacts on the plume corrdation, usng a mirror effect when

the plumein confined to awall.

- the conduction meshing is not automated in version 3.4.7. The user is supposed to apply the
Fourier Law in order to mesh correctly. This last point is one of the most current user effects observed
on the code. The meshing is automated and optimized from verson 3.4.8.

Leadt, the time step and the end of smulation time were not specified in [4].

Part | : result analysis
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figurel: part 1 base Case : smoke filling of the room at t=280s
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figure 2: part 1 base case
No damage of the target cable is observed in this case . the smoke filling is stabilized (~1m) but
temperatures are low. There is not enough consumption of oxygen to show a difference between 0% and
12%LOL.
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Effect of ventilation (case 4 and 5)

figure 3 : smokefilling in case 4 (door open) at t=800s
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figure 4: ventilation case 4 (door open) and 5 (mechanical vent)

The mass flow baance smoke filling are changed in those two cases: nevertheless, this has no strong
effect on the target, which remainsin the Upper Layer.



EDF R&D

Effect of distance (case 1, 2, 3)
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figure5: effect of distance

Digtlance has a strong effect on the radiaive flux. The temperature on the target indde the plume is
obtained through the Heskestad correlation, taking nto account the distance to the axis. As the
temperature given by this corrdation decreases quickly with the distance to the axis, it can be more
conservative to consider the target on the axis (figure 5).

Part Il : result analysis

Base case
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figure 6: smokefilling in part |1 base case at t=800s

In the base case of part |1, no damage of the redundant cable in tray B was obtained. In fact thisis due
to the lack of oxygen: even if the source is more important, the heat rel ease becomes quickly week. Note
than in this case, the standard MAGIC therma model of cable was used.

! Unlike what was said during the slide presentation...
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Figure 7: Part |1 Base case (LOL=0%)
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Effect of the LOL

Unlike in part |, the results obtained in part [1 with a LOL of 12% or a LOL of 0% are quite different.
Here, we have an oxygen limited fire, has shown in figure 8. The heat release can be performed further in
case LOL=0%, with significant influence on the target temperature pesk.

o Upper Layer Cwygen content Target temperatures
239 C LEGENDE
200 —— Upper layer LOL=0%]a)
LEGEMDE - -~ Upper Layer LOL=0(b)
17.25 4 — LOL=12%[h) 2 ; Cable Centerline LOL=0%(a)
--- LOL=0%]a] " Cable Centerlinel OL=12%b)
" —— Cable Surface LOL=0%z]
115 ] i --- Cable Surface LOL=12%b]
a0 .'J ||Ftl
575 I
! 40 |I/ I‘ = \"‘“—-
1, ’I.'l i oAl S s
1
1
] L : . . 0
] 20 40 5la] g0 Minute o 20 40 &0 20 Minute
Heat release rate Sar |ayer interface
[ n I
il B el LEGENDE
I | 1 . =,
a0l | LEGENDE P zg0e5 --- LOL=0%[a)
' LOL=12%[b) # — LOL=12%[b)
so04 [ --- LOL=0%[a)
250 4 j i
£ ]
o+ I T T . e 1.78 T T : -
o 20 a0 &0 gp Minute 0 20 40 0 e UL

figure 8: effect of the LOL
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Mass loss rate increase (case 3-8)

Due to the exising lack of oxygen, the increase of mass loss rate has no sgnificant effect on the fire,
which is controlled by the ventilation rate. Thisis even more true with LOL=12%.

Heat release rate
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figure 9: masslossincrease

Ventilation effects (cases 9-10)

Due to oxygen rate depletion below the celling, the fire conditions are not noticesbly changed.
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figure 10 : smoke filling at t=600sin case 9



EDF R&D

Effect of the cable structure and elevation (cases 13 and 11)
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figure 11 effect of cable structure and elevation

The gructure of the cable has a strong effect on its resstance: the power cable has more inertia and
resstslonger (figure 11).

In case 11, the influence of the target devation is not Sgnificant: cable B remains outside of the celling-jet
region. In fact this point should be discussed further, for the ceiling-jet mode is not caculated for R/IH >
3, this vaue being the limit of the validation fiedld (COOPER modd [1]). In any case, the target modd is
not connected to the ceiling-jet model in Verson 3.4.7 of MAGIC. In the present case, the cable should

be consdered logt in ared liferisk sudy.
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Result summary

Part | :
| Part | 02 Conc. @ |[[Max Plume [[Max Pressure |Max outflow Layer Ht @ Max UL Max flux on Target Max. Target CL Temp.
600s (%) Flow (kg/s) [|(Pa) (kgls) 240s (m) Temp. (K) (W/m2) (K)
Base Case |R:ZC22% NA R : 961 Pa R-from LL: R:137m R:336 K Rad :1550,6 W/m2 R:301,3K
0,389kg/s Total : 1839 W/m2
Case 1 Rad : 11648,8 W/m2 R:302,9K
Total : 12855 W/m2
Case 2 Rad : 4654 W/m2 R:302,3K
Total : 4665 W/m2
Case 3 R : 2688 W/m2 R :301,6K
Total : 2732 W/m2
Case 4 R- for R -form UL R:1,77m R:336 K R : 1545 W/m2 R:301,4K
neg.peak : - |0.855kg/s Total : 1845 W/m2
0,1Pa
Case 5 R:ZC 22,5% R:714 Pa R :1,43m R:333,6 K R : 1571 W/m2 R :301,3K
Total : 2042 W/m2
Part I1:
Part Il 02 Conc. (%) Max Pressure Time @ (s) Max UL Temp. |Max flux on Target (W/m2) Max. Target
(Pa) (K) CL Temp. (K)
Base Case |R-@500s : R-for Layer R1:452,5 K |R1 :rad 1920W/m2 R1:322,6 K
17% pos.peak : Ht=3,4m : R2: 440 K Total : 4207 W/m2 R2:310,7K
721Pa 206s R2:rad 1677W/m2
Total : 3785 W/m2
Case 1 R1:1920W/m2 R1:3225K
Total : 4208 W/m2 R2:310,7K
R2:1677W/m2
Total : 3785 W/m2
Case 2 R1:1920W/m2 R1:3225K
Total : 4208 W/m2 R2:310,7K
R2:1678W/m2
Total : 3784 W/m2
Case 5 R1:3165W/m2 R1:322,2K
Total : 6205 W/m2 R2:310,7K
R2:1678W/m2
Total : 3785 W/m2
Case 10 R -@ 3800s Laver R1:4535 K |R1:1938.2W/m2 R1:322.2K
R1:0% Ht=2.4m no R2:440,8 K |Total : 4238 W/m2 R2:310,7K
R2:5,77% value R2 : 1681W/m2
Total : 3792 W/m2
Case 11 R1:1920W/m2 R1:322,6 K
Total : 4207 W/m2 R2:310,8K
R2:1677W/m2
Total : 3784 W/m2
Case 12 R1:1000.8W/m2 R1:306 K
Total : 1119.8 W/m2 R2:302,6 K
R2:832,5W/m2
Total : 877 W/m2
Case 13 R1:398,1K
R2:351.7K

Plume flow is not a standard output of MAGIC. All results are in acceptable domain.
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Discussions

About uncertainties...

Like the physical modds choices are fixed in MAGIC, the cdculation uncertainty can be rdated to the
limits and the accuracy observed in the fild of vaidation of the mode, and to the user input uncatainties.
It is difficult to define a exhaudive rule for the vdidation fidd. In the vaidation file, the experimentd
configurations present compartments from 10 to 1300m3, fire source from 100 kW to 2,5 MW. The
results obtained are globally satisfactory, with different accuracy in each test.

The most significant input parameter are the source power, the thermophysical parameters (k, h, C, r )
and source characteristics (stoechiometry , radiative part, etc..).

...and user effect

The "User Effect” is limited as much as possible through the graphical (3D) control and the tests
performed by the interface (definition range of vaues, coherency of the building). The stronger user effect
has been observed on conduction meshing : significant errors can be committed on gas temperature in the
dynamic steps when the meshing is not fine enough. That the reason why this input will be automated in
the next version of the code.

The second user parameter identified was the wall effect on the plume . In this case no sgnificant effect
(lessthan 1 °C) can be observed on temperatures.

The interpretation of result deta is a strong source of user effects: for instance in MAGIC the cable
behavior is not accurady evauated indde the plume or ceiling-jet. In EDF practice, we consider than a
cable is logt when in a plume of Cailing-Jet. This is an example of the good knowledge of the code
feature needed.

Ancther example is the cable dysfunction criterion. It can vary from one author to another and is very
important in sefety assessment. Thisis an example of the good methodology needed.

Models used in MAGIC and significant for the tests

A short summary of the models used in Magic would be:

- the plume and flame experimenta entrainment correlation from MAC CAFFREY &
- an integrated radia conduction mode for cables

- a1D conduction mode! into wals, ceiling and floor

- asemi-trangparent radiation model for gas, and aradiosty system for walls,

- HESKESTADT corrdation for flame hel ghtb and thermd targets.
- amedium specific areamode for opacity of cable smokes® (BARAKAT-VANTELON)

- aCdling-Jetd (L.Y. COOPER)
- "Bernoulli” flow a vertical vent (CURTAT-BODART)
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The physica modds resulting from the integration of physic laws have no other domain limitsthan those
of the materid properties. For (a) (b) (c) and (d) , specific domain limits have been defined in the origina
experimenta works.

Validation of MAGIC

The type of configuration (power, room-size) proposed in the benchmark is well represented in the
Vdidation File of MAGIC [2]. This vdidation concerns mainly field temperatures and fluxes.

The cable center temperature model has been vdidated at laboratory scde in a"Tewarson" caorimeter
device through an EDF experimenta program [3].

The vaidation process of MAGIC gives an idea of the cdculation uncertainties. In generd, conservetive
erors are less regarded than "unconservative' ones, for design purpose. For instance, calculated
temperature are rarely less than 10°C lower than measurement, bt 50°C higher than measurement can
be observed.

The flux caculation is less accurate due to many experimentd effects. A 50% lower than measurement
can be observed. Mass flows are often not available (sgnificant measurement uncertainties).

Effect of the source height
Source height is an important parameter that could have been congdered in the benchmark, especidly

when a door is open (cable trays can be found in lower location). A supplementary caculation has been
donein that way (figure 12).

C
307 -
LEGEMDE
a7 | Cable taw zurf T[a)
Hat Laper Temp.[a)

167 4 —— Hat Layer Temp. case 10[b)

a7 4

27 T T T T 1 5 d

a 2000 4000 6000 2000 ogon PEERIAE

Fart Il: Effetc of a lovver location of cable fire : 1 m above floor in case 10

figure 12: effect of a lower fire source location
The comparison with case 10 shows that the consequences of the fire are quite different: due to the

oxygen feeding by the open door, the fire can go on. In this case, cable B would have been probably
logt.
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Conclusion
The conclusion with follow the suggested guide line [5)].
Capability and strength of code MAGIC

From the physical moddling point of view, capability and strength of code MAGIC could be summed up
in:

- the globa energetic balance done and the good prediction of the level of temperature within the
room

- the targets and cable flux and therma behavior models

- the mass flow prediction by taking into account pressure,

- the calculation of oxygen baance and consumption

- the good leve of the radiation model and the wall conduction mode

- the good leve of information and control provided by the interface (see further).

Weaknesses and limitation:

The behavior of cablesis not modeled into plume and flame (cables are considered lost in EDF approach
in those cases). This point could be enhanced. The thermd target give a "corrdated” response in those
cases (Heskestadt modd!).

The zone modd can't represent some 3D aspects like aeraulic "by-pass'. A conservative gpproach is
used consdering thet dl the oxygen given to the plume can be used. Some red scde fire tests have
shown that confined fires could be maintained with a measured O, concentration lower than 10%. In
those cases, aeraulic by pass and distant flame were observed. For this reason, EDF does not use the
Low Oxygen Limit in safety Sudies.

The most important criticism one can make about the MAGIC fire moded is that mass loss and therma
behavior of source are not coupled. It is the same for most of the existing codes, apart some very
specific cases. The problem is that this coupling is redly a difficult problem, especidly for solid fire. This
can be balanced by using characteristic mass loss profile for one given combustible in one given stuation.
Thistype of profileis at the center of the methodological discussons for safety assessment.

Need of a more advanced model?

Maybe the most significant progress has to be made on the mass loss rate of the cable. On this aspect a
lot of studies have been done [3]. It seems that a complete fire spread model coupling heet release and
meass loss could only be proposed in CFD codes, due to the level of locd information needed. For
common purpose, one will have to use standard profiles and corrdation. An important discussion on this
data should be held in the nuclear assessment field to agree of the more adapted ones.

Another important point is the target behavior which could be enhanced in the "dynamic" zones (plume,
caling jet). Adapted red scale testswould be of interest, especialy for therma behavior of cables.
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Could asimpler model be sufficient in those cases?

In some cases a smpler model can be adapted, but cable therma response, oxygen consumption
baance and ventilation effects had to be taken into account in the cases studied here. That means a
minimum of balanced modd is necessary: zone modds are the minimum level of modding needed here.

Additional type of model needed:

Cable behavior ingde the plume or Celling-jet would be of interest. Of course, more information would
necessary here.

User interface of MAGIC

The user interface is probably one of the most outstanding strengths of code MAGIC. Many automated
controls are performed on vaue definition range, building coherency, and the graphical 3D view provide
a powerful visud control to the user. The use of such an integrated interface limits notably the risk of
input mistake.

Neverthdess, the user must be aware of some aspects of zone modeling not to forget:

- the conservative approach of phenomena (ex: combustion efficiency)

- the rough representation of air stretification temperature

-ome 3D agadlic and flame effects ae not conddered (ex: horizontd distance
ventilation/source) but over- predicted (ways conservative).

Outlook

The most relevant paraeter in the determinigtic fire modding is certainly combustible massrate.
There is a great need here for conventiona curve profiles or formulas, and experimenta process for
cable behavior identification.We should define a consensus mass loss profile datafile
On that point, from EDF experience we should at least consder:
- not confined cable tray with low ignition (Sow Spread)
- not confined cable tray with strong ignition (up to ~x00KW: fast spread)
- confined cable trays (in smoke) : "flashover" (globd instantaneous ignition)

Cable or component dysfunction is another important parameter

- the cable temperature criterion has to be enhance. Interna temperature of cable seemsto bea
reliable variable to corrdate [7].

- on that point, experimenta test benches could be normalized

Multi-room configuration is dso an essentid issue. For ingance, in EDF NPP configuration, component
in the first room are dways protected if concerned by safety issues : what is important and has to be
modeed is what happen to component in secondary rooms. For this reason, it would be of interest to
propose more multi-room configurations in the future benchmarks...

To conclude, we should remind the "good way" to process is to go from the more conservative to the
more complex: in safety assessment, one should use Smple (conservative) formulas or models when
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aufficient and go into details with zone or CFD codes when necessary. If the methodology is organized in
that way, it will be easier to promote the use of numericad modd in the fire risk assessment.
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Abbreviations

CFD Computational Fluid Dynamics

NPP Nuclear Power Plant
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1 Introduction

A benchmark exercise has been set up to evaluate the capabilities of codes to model
relevant phenomena with cable tray fires in a NPP. According to the specification of
this Benchmark Exercise part 1 [DEF 00] out of the large number of humerical cases
specified a representative selection has been simulated by the help of the general-
purpose CFD code CFX4.3. The motivation of the application of CFX has been to find
out how it performs in comparison with other probably more specialised codes. It is
also of interest under which conditions the specific characteristics of CFX are beneficial
and can justify the higher computing costs. So far, due to restrictions in the computing
resources available not the complete suite of specified test cases has been simulated.

However, the presented selection is believed to provide a good idea of the capabilities
when applying CFX. Work will be continued based on the experience got from the

meeting in Palo Alto in January 2001.

2 The CFD Code CFX

The code CFX4.3 [AEA 99] provides numerical approXmations of the Navier-Stokes
equations on a finite volume basis. The program version applied here uses a block-
structured grid with body fitted coordinates. Block-structured means that all blocks of
the computational domain have to be designed with a hexahedral shape. With complex
geometries this implies occasionally finer grids than really necessary.

The code offers a number of physical models to simulate a wide range of flow prob-
lems. Among these are:

- Arbitrary multi-component mixtures,

- Turbulence modek for low and high Reynolds numbers,

- Multi-phase models including a versatile multi-fluid model and a homogeneous two-

phase model,
- Particle transport model,

- Complex thermal radiation model based on a Monte -Carlo formulation,
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- Chemical reaction capability,
- Convective heat transfer and heat conduction,

- User Interface to modify existing or add own models.

The given benchmark makes use of the turbulence (k-e) and multi-component models
combined with the thermal radiation package. Chemical reactions, although possible,

are not included in the simulations so far.

3 Analyses on Part 1

In part 1 of the benchmark exercise a trash bag fire in the vicinity of a cable tray inside
an emergency switchgear room (Fig. 1) is to be simulated. The objective “is to deter-
mine the maximum horizontal distance between a specified transient fire from the trash
bag and tray A (Fig. 1) that results in ignition of tray A” [DEF 00]. For simplicity the ca-
ble tray represented by a single power cable of 50 mm. The room has ventilation and a
fire proof door. A base case and five related simulations with variations of the distance
between cable tray and fire, the door open or closed and the ventilation system on or
off are to be investigated. The time to be covered is 600 s. The total heat release from
the trash bag is specified inFig. 3 and the radiative fraction is fixed to be 30%. This
specification implies not to simulate the chemical reactions in the trash bag explicitly
rather than using the heat release curve and study the convective and radiative flows
induced by the fire in the trash bag.

A computer model was developed which is composed of 28400 fluid cells (Fig. 2). The
grid resolution could be refined easily but is left on this rather crude level to comply with
the number of test cases and the problem time of this exercise. The model contains the
trash bag and the target cable (representing tray A) inside the room. In order to save
computing time the outer walls are not modeled. This results in an overestimation of
the heat losses from the fire room atmosphere because the heat up of inner wall se c-
tions is neglected and consequently the temperature difference gas to wall is too large.
The given convective heat transfer coefficient of 15W/m’K is applied. For some of the
cases the openings of the ventilation system and the fire door can be opened. In all

other cases a crack of specified size around the door is available.
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There are several options to implement the heat release from the trash bag. Currently
the trash bag is modeled as a solid body with the convective fire heat release from the
nearest cells around it and with radiation from its surface. The trash bag could also be
a hollow body with the convective heat released from all the internal cells. Because
radiation can only be emitted from a surface, in this case the top surface could be used
for the radiation source. The benchmark specification does not further localize the heat
sources therefore the first option has been implemented. During the simulations it
turned out that the shape of the trash bag fire changed from time to time. However if
numerical reasons or inherent instabilities cause this behavior has not been further

investigated.

Conduction in the target cable is included. The cable itself is represented as a cylinder

of appropriate size and can be moved within the grid according to the different test
cases.

The atmosphere within the fire room is assumed to be air. Individual gas species are

not modeled because the fire chemistry is not included.

3.1 Base Case

In the base case the target cable has a horizontal distance of 2.2 m from the trash bag.
The door is closed and the ventilation system is off. It is the first case simulated and is
discussed in more detail. The moment of the highest heat release from the trash bag is
depicted in Fig. 4. The plume around the trash bag and the induced upwards directed
flow is influenced by the option of the heat release chosen and may be different if mod-
eled by the other option (see chapter 3). The target cable is affected by a flow directed
downwards as indicated in Fig. 4. At the moment of strongest heat release the warmer
gas is concentrated below the ceiling of the room as shown in Fig. 5. Some flow is di-
rected towards the crack in the fire door. After 600 s the temperature distribution in the
room is shown in Fig. 6. At this time gas temperatures do not show a remarkable strai-
fication. Close to the walls temperatures are lower due to the heat losses resulting from
the high heat transfer coefficient given. This behavior is illustrated in Fig. 7. From bot-
tom to top the temperature does not vary much. Underneath the ceiling it increases
considerably (buoyant flow) before wall cooling is dominating. With a higher gas tem-
perature the heat flux to the wall increases and provokes a higher temperature gradient

compared with the bottom region. From the temperature profile in Fig. 7 a subdivision
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of the room into a hot layer above a cold layer appears to be inadequate. Of interest is
the distribution of heat flows to walls and target cable. All flows reach their maximum at
the time with the highest heat release. The total heat flux to the cable in comparison
with the flow to the walls (Fig. 8) is less than the surface ratio. This may be due to the
lower wall temperatures. In Fig. 8 decreases the radiative fraction to the cable to a very
small value when the fire heat release decreases after its maximum. The hotter cable
then loses energy to the cooler walls. The heat captured by the cable does not lead to
a measurable increase of the centerline temperature. The surface temperature devel-
ops as shown inFig. 9 and has almost no further increase after the maximum heat flow

from the trash bag is passed.

3.2 Casel

Case 1 differs from the base case only by another location of the trash bag relative to
the target cable. The trash bag is directly below the target cable. The moment of max-
mum heat release is depicted in Fig. 10. Compared with the base case the cable is
now completely inside the hot gas stream from the fire. This results in a higher heatup
of the cable surface as shown in Fig. 12. The maximum is now about 550 K. In the
base case it was only 360 K. After the maximum heat is passed the surface tempera-
ture goes down as well. The power to the cable over time shown in Fig. 11 has a
maximum of about 700 W. This is considerably more than in the base case with 500 W.
Another difference is the radiative behavior. With this case in the late phase the cable
radiates energy to the surroundings and is therefore cooled.

The centerline temperature remains almost unchanged during the simulation time.

Other cases with larger distances of the trash bag than the actual will not be able to
create higher cable temperatures with a chance of ignition (643 K).

3.3 Caseb

Case 5 is interesting because of the flow patterns influenced by the ventilation system
now on. The position of the trash bag is identical to the base case. Compared with the
base case the cable is now in a more upwards flow. This is depicted inFig. 13. Equally,
the heat-up of the cable is very similar and remains low (Fig. 14). The ventilation sys-

tem with a continuous inflow of cold air does not alter things considerably.
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Chemical reactions including oxygen consumption have not been modelled. However,
an oxygen depletion which might be avoided by the fresh air entering through the vent-

lation opening is not realistic because of the short simulation time.

A comparison of all three simulated cases in terms of the cable surface temperature is
depicted in Fig. 15. With the given ignition criterion only the bbcation of the fire directly
below the target cable would have a chance to ignite the cable over a longer time or

with a higher heat release.

4 Analyses on Part 2

This part of the benchmark is to “determine the damage time of the target cable tray B
for several heat release rates of the tray stack (A,C2, C1), and horizontal distance D.
The effects of target elevation and ventilation will also be examined.” [DEF 00]. The
duration of the fully developed fire is fixed to be 3600 s (including transitions 4800 s).
To perform a reasonable number of simulations in a short time the computational grid
was set to have less cells than for part 1. It is shown in Fig. 16. The model now has
11400 cells. This includes the cells to represent the solids of the cable trays and the
target cable (instrumentation cable of 18 or 50 mm diameter). The simulated fire heat
from the trays A, C1, C2, which are lumped together, follows the shape shown in Fig.
18. The peak can be between 1 and 3 MW. The target cable is considered to be dam-

aged when the centerline of the cable reaches 200 C.

The release of the heat from the assumed fire is implemented similarly to part 1. The
convective fraction is placed as volumetric source into the cells closest to the cable

trays. The radiative fraction of 48% is emitted directly from the solid surfaces.

With the longer simulation time the heat absorbed by the boundary walls and the sub-
sequent rise of the surface temperature should not be neglected. Therefore a one di-
mensional heat conduction simulation has been added. Compared with an explicit in-

clusion of the walls (this means by conducting cells) the computing time is negligible.

Chemical reactions are not treated in the simulations. Hence no check for oxygen de-
pletion has been done in the code. Only a crude hand approximation has been done.

From the specifications it remains unclear how to proceed with the fire heat release if
oxygen depletes for a time but then recovers by the ventilation system.
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4.1 Base Case

This case is distinguished from other cases by a peak heat release rate of 1 MW and a
distance of the power cable (diameter 50 mm) of 6.1 m. The door is closed and the
ventilation system is off.

With the higher heat release and all openings closed it is likely that the available oxy-
gen is exhausted soon. An approximation indicates a time of about 1200 s. This time
has been selected for the illustration in Fig. 17. A global circulation can be observed
and the temperature is rather uniform.

It is speculative how the case would further develop if oxygen depletes because this is
not modeled currently. To be conservative the simulation over the full time and the heat
release according to Fig. 18 has been performed.

The heat flow to the cable which is at the same elevation like the burning cable trays
leads to a rapid heat up of its surface (Fig. 19). Therefore radiation from the cable to
the colder boundary walls is positive which means that the cable loses energy. Conse-
quently the heat-up of the cable is reduced. A look to the cable temperatures gives Fig.
20. Although at the surface very soon high values are reached, in the central part of the
cable only about 50 K increase is obtained. Therefore no damage with the given crite-
rion can be detected. This is true either after 1200 s when the available oxygen tends
to deplete or after 4800 s when following the given heat release curve to full extent.

4.2 Case6

The base case is only capable of producing a relatively low heatup of the target.
Among the specified cases case 6 assumes the highest peak heat value (3 MW) in
combination with the nearest placement of the target cable to the fire source. With
higher heat output from the fire oxygen will deplete earlier. According to an approxima-
tion this may be after 700 s. After this time the flow field and temperature distribution
calculated by CFX is shown in Fig. 21. A large vortex has developed with a horizontal
flow along the floor. Fig. 23 compares the temperature in the center of the room of
case 6 with the base case. For both cases simulations have been extended beyond the
oxygen depletion point up to the end of the specified fire duration. Case 6 leads to a

much higher room temperature. However the early oxygen starvation prevents a target
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damage. The centerline temperature reaches values above the damage threshold of
423 K only in the late phase of the simulation. This is shown in Fig. 22. A summary of
the heat flows received by walls and the target is illustrated in Fig. 24. Right from the
beginning the target becomes that hot that it constantly loses energy to the outer walls.
However, by gas convection it is heated further.

4.3 Case 10

Both cases analysed up to now suffer from early oxygen starvation although the fire
power might be strong enough to damage the target cable. A fresh air flow through the
room might change the situation. Case 10 is comparable with the base case but the
door is open and the ventilation system is working. Oxygen depletion has therefore
been excluded. The incoming air is cold and forms therefore a stable stratification in
the room. Fig. 25 andFig. 26 illustrate this from different perspectives. The flows out of
the door and the ventilation system can be seen. A cooling effect to the target cable is
not expected. If oxygen around the burning cable trays is sufficiently available can not
be answered unless the migration and distribution of the species involved would be
modeled in detail. Under the assumption of abundant oxygen to feed the fire, the cable
centerline temperature is calculated as shown in Fig. 27. There is only little heating-up

in the center of the cable.

5 Summary

Following the benchmark specification a selection of six cases out of a total of 20 for
both parts has been simulated by the CFD code CFX Despite this reduced number of
cases they were selected with the intention to preserve the scope of the benchmark
and to get representative results.

The analyses carried out demonstrate the capabilities of CFD codes in simulating fire
situations. They also outline the higher effort with respect to computing resources. On a

DEC-Alpha Unix machine with about 350 Mflops simulations needed approximately
64 hand 153 h for part 1 (28400 cells) and part 2 (11400 cells), respectively.

In order to keep computing times manageable it was decided to use relatively coarse

grids for both parts of the benchmark.
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None of the cases analysed leads to a damage of the target cable according to the
specified damage criterion for part1 and 2. This is true if depletion of oxygen is n-
cluded in the simulations. If these are carried out following the heat release curves to
full extent then case 6 leads to cable damage.

6 Continuation of Work

An obvious continuation of the current work is the simulation of other important test
cases. Among these are for part 2 case 9 with partial activation of the ventilation sys-
tem and opening of the door in the room. This will enable to investigate whether oxy-
gen depletion will occur later than in previous cases. A realistic chance of cable dam-
age may involve case 13 with a cable diameter of 15 instead of 50 mm.

It will be necessary to investigate the quality of the grids for both models applied so far.

With finer grid cells at around source and target it can be proved if grid convergence
with the solutions found has been achieved.

A crucial point for many cases is the depletion of oxygen. To provide realistic simula-
tions mixing and diffusion of oxygen in combination with the consumption of the fire
need to be included into the fire model of CFX. This means that for the relevant species
additional conservation equations have to be solved.

References
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Fig. 1 View of the room to be modeled
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Fig. 2 View of the computer model for part 1
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Fig. 6 Temperature distribution after 600 s (base case)
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Heat absorbed by Target Cable and Walls
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Cable Tray Fires of Redundant Safety Trains
Benchmark Part 1
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Fig. 10 Flow field and temperature distribution in the room foe case 1
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Heat absorbed by Target Cable and Walls
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Fig. 16

CFX model for benchmark part 2
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Heat Releases from Tray Stack
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Heat absorbed by Target Cable and Walls
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800 — Target Cable Temperatures
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Fig. 25 Temperature stratification after 4200 s for case 10
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Fig. 26 Side view of the room at the end of the maximum power release
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Tab. 1 Summary of results of simulations
Max. UL Temp. | Max. Flux on | Max. Target
K] Target [W/m?] | CL Temp [K]
Part 1
Base Case 360 (180s) 210 300
Case 1 360 (180s) 210 300
Case 5 350 (180s) 210 300
Part 2
Base Case 680 (1200s) 840 301 (368)
Case 6 1065 (700s) 5800 (700s) | 532(4800s)
Case 10 525 (4200s) 500 335
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Ref: INC —01/222 — OLJ/IM 25/06/2002

1. INTRODUCTION

We used for the benchmark (references are given in the following text) the 22zone model MAGIC version
3.4.7. MAGIC is a classic thermal model of fire in multi-compartment building simulation.

The simulations were made according to the document revised in September 2000.

All results have been given in an additional document and only results of three variables are given in this
report :

- gastemperature
- surface temperature of target cable
- centerline temperature of target cable

Reference :

International Collaborative Project to Evaluate Fire Models for Nuclear Power
Plant Applications

Benchmark Exercise # 1

Cable Tray Fires of Redundant Safety Trains

(Revised September 11, 2000)

Simulations with MAGIC (V 3.4.7)

2. THE MODEL MAGIC

The software MAGIC (Global Analysis Model for fire into Compartments) is a numerical tool which
simulates the behaviour and growth of a fire occurring into adjacent rooms.

It is made of modules accessible from the same front panel : a pre-processor, a computation code called
MAGIC_M, a post-processor and an animation module.

The version 3.4.7 proposes physical modelling as : modelling improvem ent of linear fires, modelling
improvement of cable thermal behaviour, mass consumption control, improvement of initial condition and

density calculation, improvement of the net radiation flux received by a target placed in a room
contiguous to fire room, temperature calculation in the ceiling-jet and in the plume.

3. APPLICATION TO THE BENCHMARK EXERCICE : PART |

3.1 RESULTS PART |

The following table gives the results for these four variables in part I.

Part | Tupper tayer(°C) Tiower layer (°C) Tsurface target(°C) T centerline target (°C)
Base case 63.2 29.4 45.7 27.1
Case 1 62.7 29.4 72.8 27.1
Case 2 63.0 29.4 59.9 27.1
Case 3 63.1 29.4 50.3 27.1
Case 4 63.5 28.9 46.6 27.1
Case 5 60.8 29.3 44.7 27.1

Table 1 : Overview of results Part |
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3.2 ANALYSIS OF RESULTS PART |

According to the results part I, we can notice the three following points:

- low temperature of gases

- low temperature of target cable

- nonignition of target cable whatever is the distance from fire centerline

4. APPLICATION TO THE BENCHMARK EXERCICE: PART Il

4.1 RESULTS PART Il

The following table gives the results for these four variables in part II.

Part I Tupper Iayer(oc) Tlower Iayer(oc) Tsurface target(oc) Tcemerlinetarget(oc)
Base case
180.2 35.7 134.5 494
LOL=0%

Base case and

case 1 at case 8 169.2 315 100.7 37.5
Case 9 168.4 30.7 100 37.5
Case 10 169.1 30 100.6 37.5
Case 11 169.2 315 101 37.7
Case 12 169.2 315 41.4 29.6
Case 13 169.2 315 111.7 78.2

Table 2 : Overview of results Part ||
4.2 ANALYSIS OF RESULTS PART I
According to the results part Il, we can notice the two following points :

- limitation of heat release between 10 and 15 minutes due to the lack of oxygen
- no damage on target because the centerline target cable temperature is below 100°C.

4.3 ADDITIONAL CASE
We added a case on part Il (see the table 3 below) with fire source at 2.1 m ; so ventilation is in the

upper layer. According to the results of this additional case, we observe no limitation of rate of heat
release.

Rate of
heat
Part Il release D (m) Door Vent. Sys. Target Elev. (m)
(MW)
Base Case 1MW 6.1 Closed Off Power 34
Additional case 3 MW 3.1 Open On Power 2.1

Table 3 : Overview of additional case

- The temperature curves are shown in figures 1, 5 and 8.
- The rate of heat release is shown in figure 3.
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- The concentration of O, is shown in figure 4.

- The flow rate through vents and door is shown in figure 6.
- The radiative flux on target is shown in figure 7.

The following maximum temperatures are reached :

- upper layer temperature = 350°C
- target surface temperature = 330°C

ES
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Figure 6 : Flow rate through vents and door
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5. CONCLUSION

According to the simulations, the following comments about the code MAGIC can be given :

- Ifthe target is into the plume, we have a simplified prediction of the target temperature.

- The use of cable target gives better information than the use of a simple target.

- The mechanical ventilation model is an important parameter in this benchmark because it controls
the rate of heat release.

- Target centerline temperature = 260°C

According to the criteria for cable damage given by the benchmark (centerline temperature of 200°C),
cable damage is observed in this additional case.

According to the different cases of the benchmark, it should be interesting to define more sensitive case
for models.

In part |, a higher rate of heat release should be used with a parameter study leading to the ignition or
non-ignition of the cable.

In part Il, lower source height and ventilation in the hot layer should be used for occurrence of damage
criteria.
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1 Introduction

The objective of the fire modelling analyses in a probabilistic risk analysis (PRA) is to
estimate the conditional probability of safe-shutdown equipment damage given a fire.
Fire modelling results are necessary in order to make this estimate. In the “International
Collaborative Project to Evaluate Fire Models for Nuclear Power Plant Applications”
different fire codes will be compared and the applicability of the codes for typical que s-
tions rising up in PRA’s will be evaluated. From the results gained a consensus report
will be developed by the participants. The report will be in the format of a user’s guide
for applying fire models for NPP fire safety design and assessment.

For the comparison of the codes a first benchmark exercise (see Appendix A) has been
set up. This benchmark consists of two parts: a trash bag fire to analyse the possibility
for an ignition of a cable tray for various distances to the tray, and a cable tray fire to
evaluate the possibility of a damage of another tray in a certain distance or on certain
evaluations. The comparison between codes can be used to understand the modelling
of the physics in them. In project following codes are used (by different institutions):
FLAMME-S (IPSN), CFAST (NRC, NIST, VTT, BRE/NII, ???), COCOSYS (GRS), CFX
(GRS), MAGIC (EDF), JASMINE (BRE/NII) and WPIFIRE (WPI).

In this technical note the COCOSY'S results will be presented.

2 Containment Code System COCOSYS

The Containment Code System (COCOSYS) is being developed and validated for the
comprehensive simulation of severe accident propagation in containments of light wa-
ter reactors [1, 2, 3]. This system is to allow the simulation of all relevant phenomena,
containment systems and conditions during the course of design basis accidents and
severe accidents. In COCOSYS, mechanistic models are used as far as possible for
analysing the physical and chemical processes in containments. Essential interactions
between the individual processes, like e.g. between thermal hydraulics, hydrogen com-
bustion as well as fission product and aerosol behaviour, are treated in an extensive
way. With such a detailed approach, COCOSYS is not restricted to relevant severe
accident phenomena, but will also be able to demonstrate interactions between these

phenomena as well as the overall behaviour of the containment.
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The complete system is divided into several so -called main modules (Fig. 2-1). Each
main module is a separate executable program used for specified topics of the whole
process. Between these main modules the communication is realised via a driver pro-
gram using PVM [4]. The separation into different main modules considers that the
strongest coupling between the main modules is on the time step level to avoid a high-
frequency data transfer. The amount of data transferred is relatively small, due to a
suitable distribution of the complete topology and topics of the systems to the different
main modules. The complete separation into several executable programs inhibits side
effects from one to other modules. Furthermore, the maintenance effort of the complete
system decreases significantly. To reduce the complexity of the whole system, a direct
communication between the different main modules is not used. For future versions
this concept will be extended to realise parallelism on the main module level.

THERMOHYDRAULIC AEROSOL -FISSION- CORE-CONCRETE-
zone models PRODUCT INTERACTION
junction models aerosol behaviour concrete erosion

H, deflagration iodine chemistry melt chemistry
pressure subpression FP transport aerosol-FP-release
pyrolysis nuclide behaviour

safety systems pool scrubbing

decay heat

COCOSYSMAIN DRIVER
synchonisation, data management

CFD PROGRAMS VISUALISATION
CFX 4, DET3D ATLAS

Figure2-1 Structure of COCOSYS

2.1 Thermal hydraulic main module

The compartments of the considered power plant (or other building types) have to be

subdivided into control volumes (zones). The thermodynamic state of a zone is defined
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by its temperature(s) and masses of the specified components. This is the so-called
lumped parameter concept. The momentum balance is not considered. To realise more
complex boundary conditions or processes, a flexible program and data structure is

installed. For example, each zone can be split into several so -called zone parts.

The thermal hydraulic main module contains different kinds of zone models. These are
an equilibrium zone model assuming a homogeneous mixing in the control volume, a
non -equilibrium zone model simulating an additional sump volume. For the one dimen-
sional simulation of hydrogen deflagration a separate zone model is used, separating
the atmosphere in a burnt and unburned zone part. For the simulation of pressure sup-
pression systems the DRASYS zone model can be used, calculating the hydrodynamic
behaviour of the water level inside and outside the pipe and the steam condensation

processes.

The junction models describe the flow interaction between different zones. In
COCOSYS, the simulation of gas flow and water drainage is strongly separated, al-
though water can be transported via atmospheric junctions by gas flow and dissolved
gases can be transported via drain junctions. For an adequate simulation of the differ-
ent systems or boundary conditions, specific junction models are implemented, like
rupture discs, atmospheric valves, flaps/doors and specific pressure relief valves used
in the VVER-440/213 NPPs. For the simulation of water drainage, several models are
realised, describing the sump balance, water flow through pipes and along walls. The
implemented pump system model is flexible enough to simulate complete cooling sys-

tems (like emergency core cooling systems).

The walls, floors and ceilings of the considered building are represented by structure
objects. The structure objects include all types of metallic and non metallic heat sinks
within zones and between them. The heat flux calculation is one -dimensional, solving
the Fourier equation. Plate-type as well as cylinder-type structures can be simulated.
The whole wall (heat slab) can be subdivided into layers. Their thermodynamic state is
defined by a layer temperature. The arrangement of layers can be chosen freely. Gaps
inside a structure are possible, too. The heat exchange between structures and their
assigned zones are calculated via convection, condensation or radiation (including
wall-to-wall) heat transfer correlations. In these correlations, averaged properties (valid
until 3000°C) of the specified components are used. The initial temperature profile and

the boundary conditions to the zones can be directly defined by the user.



For a realistic simulation of a severe accident propagation, a detailed modelling of the
safety systems is important. The THY main module can simulate cooler (including
intermediate cooling circuits), spray systems, fan and air conditioning systems, ice
condensers and catalytic recombiner systems. Especially for the last topic, a detailed
one-dimensional model has been developed.

2.2 Aerosol-fission -product main module

The COCOSYS aerosolission-product (AFP) main module is used for best-estimate
simulations of the fission product behaviour in the containment of LWRs. Both the
thermal hydraulic (THY) and the aerosolfission-product (AFP) main module consider

the interactions between the thermal hydraulics and aerosol fission product behaviour.

The aerosol behaviour inside a control volume is solved with the FEBE integration
package zone by zone. The condensation on aerosols is solved using a multi-grid
method [5]. Especially for hygroscopic aerosols, a very tightly coupled feedback on the
thermal hydraulic (especially for the saturation degree) can be considered. The trans-
port of aerosols between the control volumes is solved in a tight way (on time-step
level), according to the calculated flow pattern of the THY part. For relative large parti-
cles, a different transport velocity is calculated. Heat transfer and condensation influ-
ence the deposition rates on wall structures. AFP can calculate up to eight different

aerosol components, with their own chemical characteristics and size distribution.

The FIPHOST module calculates the transport of fission products carried by so-called
hosts in the containment (Fig. 2-2). The mobile hosts are gas, aerosol and water, the
immobile hosts are the surfaces in atmospheric and sump spaces. The transport of the
hosts will be calculated in other parts of COCOSYS. FIPHOST can handle an arbitrary
number of fission product elements, isotopes and/or chemical species in multi-
compartment geometry with arbitrary atmospheric and liquid flows between the com-
partments. All relevant transfer processes of the fission products between hosts are
modelled: aerosol depletion by natural processes and by engineered systems like fil-
ters, recombiners or spray systems, wash-down from walls into sumps, etc. Host
changes as a consequence of chemical reactions or the decay of radioactive isotopes
are also taken into consideration.
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Figure2-2 FIPHOST control volume, fission product hosts

Using the FIPISO module, the behaviour of all nuclides relevant for the mass transport
and heat release in the containment can be simulated. FIPISO considers the core in-
ventory of the reactor at the initial accident time and calculates the decay of the activity
and the decay heat release according to established nuclide libraries and packages for
up to 1296 isotopes inside each zone separately. The transport of isotopes is calcu-
lated by the FIPHOST module. The FIPISO module uses the implicit solution method
ORIGEN with the exponential matrix method [6]. To reduce calculation time, FIPISO
will compress the libraries to the relevant nuclides for the specific cases. Depending on
the first release time, usually about 400 to 600 isotopes are considered. The core n-
ventory has to be pre -calculated by other GRS programs. The user can mix the specific
core inventory using different inventory files. The results are used for the calculation of
decay heat release. The code distinguishes between alpha/beta and gamma radiation.
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According to the position (host) of the nuclides, the heat is released in the correspond-
ing zone part (atmosphere, sump) and wall structure, respectively. The heat distribution

inside the wall stru cture is calculated according to the energy spectrum of the nuclides.

The iodine calculations include 70 different reactions. The iodine transport process
between water and gas is taken into account. The aerosol behaviour of the particulate
iodine species can be calculated by the aerosol calculation part of COCOSYS. The
retention of aerosols from a carrier gas conducted through a water pool is determined
by SPARC model. Thus, for example, pool scrubbing in the suppression pool of a
boiling water reactor can be simulated.

2.3 Core-concrete-interaction main module

In case of a reactor vessel failure during a severe accident, the molten core would drop
onto the concrete base structure of the reactor building. The interaction of the core melt
with concrete would continue for a long period of time. The COCOSYS core-concrete-
interaction (CCI) main module is based on a modified version of WECHSL, calculating
the concrete erosion and the thermodynamics of the core melt. For a very detailed
consideration of the chemical processes in the melt (mixed or separated option) and
the gas, aerosol and fission product release, the XACCI module has been developed.
This module uses the equilibrium thermochemical model ChemApp [7]. The XACCI
module calculates for each phase and for the atmosphere above the melt the equilib-
rium conditions for the chemical components. For the future it is planned to improve the
modelling of the core melt (e.g. using real geometric boundary conditions) and to intro-
duce models for simulation of DCH and melt relocation.

24 Simple cable burning model

For the simulation of fires of cable tray a simplified pyrolysis model has been imple-
mented in the THY main module. This model assumes a constant specific pyrolysis
ékg u , . . . : .

- and a propagation \elocity v [m/s] in the positive and negative dire c-

Bsm? H

tion. The resulting pyrolysis rate is assumed as:

rate R

r=Rb (do +wt) (7)
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with the reaction rate r dﬁl}, the initial burning length do, the width b [m] of the cable
S

&s

tray (Fig. 2-3). The flame propagation depends on the direction of the tray. Therefore
the model distinguish between horizontal and vertical cable trays. The propagation ve-
locity may depend on the surrounding zone temperature. For the connection of different
cable trays or tray segments the relative position of the connection are given by the
user (Fig. 2-4). It is possible to connect the tray segments at each end point (segme n-
tation of cable trays according the control volumes), or to define a crossing of tray
segments, o to define parallel tray segments. The user defined distance D defines the

time needed to propagate from one to the other tray segment

(8)

|-|-<|U

tprop =

A
Y

Y

Figure2-3 Concept of the simple cable pyrolysis model

)
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Figure2 -4 Fire propagation along connected cable trays
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For a cable tray exist several conditions for ignition or stopping of pyrolysis (Tab. 2-1).

Table 2-1 Criteria for ignition of a cable tray or stop of burning

Reason Criteria Time delay

Ignition via signal (user input) b, do -

High zone temperature Tign taelay

Ignition via another cable tray b, do D
(calculated by connection data) I

Finish due to low zone temperature | T, tout

Complete burn out t3 t
e

+

The simplified cable burning model considers somewhat the thermal hydraulic bound-
ary conditions, but the real temperatures on the cable surface needed for a determinis-
tic calculation of the pyrolysis are not calculated. Especially under low oxygen condi-
tions this model may lead to some deficiencies. Therefore an additional criteria has
been introduced for low oxygen conditions to reduce the pyrolysis rate. The considered
species in the cable burning model are H,, HCI, CO and CHy fractions. As already used
in the oil burning model [8] these fractions may combust in the atmosphere or be tran s-
ported to other regions under low oxygen conditions.

3 Description of Benchmark

The benchmark exercise is split into two parts. For both parts a representative PWR
emergency switchgear room is selected. The size of the room is assumed to be 15.2 m
long, 9.1 m wide and 4.6 m high. In the first part a trash bag fire is assumed as an ini-
tial event. Varying the distance to a target cable, the behaviour of the cable is evalu-
ated. In two cases vented conditions are regarded. In the second part of the bench-
mark, it is assumed that one tray on the left side is already burning. Varying the evalua-
tion and distance of the target tray, the different temperature evaluations inside the tray

are evaluated. In the appendix A the complete description of the benchmark is given.
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4 Nodalisation of the compartment

For the simulation of the fire in the compartment defined in the benchmark description,
the compartment have to be subdivided into several zones. To be able to simulate
stratified conditions several levels of zones (at least 4 levels) have to be used. It has
been decided to use one nodalisation for all different cases. Therefore the special re-
quirements, for example the plume simulation above the trash bag and the different
locations of the target cables requires further subdivisions of the compartment. At least
8 levels of zones indicated by RA.., RB.. and so on have been defined (Fig. 4 -1). Loo k-
ing on the top view of the compartment a fine grid around the trash bag position have
been used. This has been done for all possible positions of the trash bag. For a larger
distance to the trash bag and the considered cable trays the grid becomes more rough.
The digit number in the zone name indicate the position in xdirection. The last letter
from L to Q indicates the position in ydirection. Fig. 42 shows the top view of the
nodalisation for the different levels. For the levels A to C 27 zones are defined for each
level, in the level D and E 37 zones are defined for each level and in the upper levels F
to H in total 56 zones are used for each level. The number of zones per level is n-
creased for the higher levels to consider the local effect on the cable trays in these lev-
els. This results into 323 zones in total.

The heat release for the trash bag fire is relatively small. To calculate in detail the
plume behaviour additional (cylinder) zones (RTBB to RTBE) above the trash bag have
been defined. It has to be pointed out, that a specific plume model using empirical cor-
relations is not implemented in COCOSYS. Therefore the plume behaviour have to be

simulated via a more detail nodalisation around the fire position.

The zones inside the fire compartments are connected using atmospheric junctions.
The cross section of these junctions results from the geometry. The resistant coefficient
used are taken from validation calculations against different experiments (e.g. integral
HDR experiments).

To simulate the door behaviour and leakage atmospheric junctions are defined to the
environment. For the environment the same subdivision of different levels is defined. It
is important to use the correct static total pressure for these zones. In the given con-
figuration, this results in four atmospheric junctions for the open door (see side view in
Fig. 4-1) and one addiional junction for the leakage. With these four junctions it is pos-

sible to calculate counter current flows through the door.
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Figure 4-1 Overview of the nodalisation of the fire compartment
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Figure 4-2 Nodalisation in different levels
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The ventilation system is simulated by a fan system with a constant volume flow rate. It
is assumed that the fan injects fresh air through the right vent opening. On the left side
three atmospheric junctions are defined. The use of atmospheric junctions avoids an

over or under pressure of the fire compartment.

As a boundary the concrete wall structures and the door are simulated by the structure
objects as defined in the benchmark description. As defined in the benchmark descrip-
tion a constant heat transfer coefficient of 15 W/mK is used, although this value seems
to be very high. Usually in COCOSYS calculations a combination of correlation describ-
ing free and forced convection, condensation and radiation is used.

The trash bag fire is simulated as a heat injection in the zone above the trash bag. This
is possible, because the oxygen consumption is relatively small. The oxygen consump-
tion due to the fire, is simulated by an extraction of oxygen and a corresponding CO,
injection in the zone above the trash bag. To simulate the radiation fraction, especially
the heat up of the target by radiation, a given fraction of 0.3 is released as radiative
heat. For the distribution of this heat view factors are used. These view factors (esp e-
cially between the flame and the target cable) are pre-calculated by a tool using a
Monte -Carlo method. Therefore for different distances between trash bag and target

cable different view factors are used.

For the calculations of part I, the heat release is assumed at the cable tray C2. The
heat release is much larger and the oxygen consumption may influence the fire. There-
fore for these cases the simple cable pyrolysis model is used. The pyrolysis rate is
given by input according to the given heat release rate and distributed homogeneously
over the whole cable length. This model calculates the release of pyrolysis fractions
(here H, HCI, CHy) according to the composition of the burning material. The burning
process is calculated by the detail models, considering the available oxygen concentra-
tion. Because the cable tray C2 is not simulated by structure objects, view factors can
not be defined and therefore the radiation fraction of heat release is not considered.
Additionally the release of pure carbon fraction (as soot) is not possible.

The target cable is simulated as a cylinder type structure with a diameter of 5 cm. The
heat conduction is calculated one-dimensional. Therefore the surface temperature is
the same on the top and the bottom of the cable. In CFD calculations different tempera-
tures are calculated, because only the bottom of the cable is directed to the fire. The
target cable is subdivided in nine layers. So the centerline temperature can be calcu-
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lated. The length of the cable is subdivided according to the subdivision of the fire
compartment, leading to 7 cable segments (TCABLEL to TCABLER). The target cable
in the room centre is named TCABLEO. In the case 1 of part 1 the trash bag is more or
less direct below the target cable. To consider in detail the plume effect the target cable
is further subdivided into two parts (TCABLEO and TCABLEO?2)

5 Results for Part |

First the results of the base case (trash bag fire with a distance of 2.2 m to the target)
are discussed. Then the case 1 to 3 with different distances to the target are compared
with the base case. After this the cases with vented conditions (case 4 open doors and
case 5 active ventilation system) are compared with the base case. To reduce sone-
what the effort, only the results specified in the benchmark description are discussed.
The fire compartment temperatures and concentrations shown are taken from the room
centre. Because 8 level of zones are defined 8 curves are presented. The depth of the
hot gas layer is not presented, because it is not a direct result of the COCOSYS calcu-
lation. The heat release rate is here the specified rate. The heat loss to the boundaries

are presented only for the closed conditions.

51 Base case

First the results of the base case will be presented. The effect of the burning trash back
is simulated as a heat injection in the zone RTBB surrounded by the zone RB50. To
simulate the oxygen consumption the corresponding mass of oxygen is removed and
CO.,is injected. The hot gas moves upward leading to a temperature stratification in the
atmosphere. In Fig. 5-1 the zone temperatures of the room centre is presented. The
maximum calculated temperature is about 450 K. The behaviour of the temperature
corresponds to the heat injection rate, presented in Fig. 5-2. The oxygen consumption
due to trash bag fire is relatively small. Therefore the oxygen concentration is only
slightly reduced (Fig. 5-3). The concentration shows a stratfication corresponding to
the temperature stratification. In Fig 54 the leakage rate through the door is plotted. In
the first phase with high heat release the leak flow is directed to the environment. Later
the heat release is not high enough to compensate the heat loss into the concrete
walls. Therefore the temperatures are decreasing leading to a leak flow into the fire

compartment.
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Fig 5-5 presents the heat flux in [W/m] into the target cable. The red curve corresponds
to the total heat flux into the target and the black curve shows the fraction due to radia-
tion. In the initial phase the main fraction is determined by the radiation, because the
atmosphere around the target cable is not heated up yet. Later the heat flux is mainly
caused by the convective heat transfer. In this situation the atmosphere is still hotter
than the target surface but the heat release is reduced. The heat release is relatively
small leading to a moderate temperature behaviour. Therefore the surface temperature
rise up only about 12 K (Fig. 56). Due to the low heat conductivity of the (full) PVC
cable and the short time period, nearly no reaction on the centerline temperature is
observed. Fig. 57 shows the heat loss into the concrete structures. Comparing this
with the total heat release, about 70% of the total heat injection is transferred into the
concrete structure. To be more realistic the given constant heat transfer coefficient of

5 W , . ,
¢ Ushould be replaced by a free convection correlation resulting usually to

&m2kH

lower values (especially for the floor structures). The curve presented in Fig. 5-7 looks

15

somewhat curious. This is due to the numerical derivation of the plot data with relatively
large time step sizes.
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5.2 Caseltocase3

In the following the results of the cases 1 to 3 will be discussed in comparison to the
base case. In these cases the position of the trash bag is shifted to the direction of the
target. The nodalisation is detailed enough to consider this shift of the trash back. For

each case the view factors have been recalculated.

Fig. 5-8 shows the temperatures in the highest zone RH60 in the room centre. Here
the case 1 (red curve), where the trash bag is more or less below the target, but more
far away from the centre leads to the lowest temperature. Also the results for the oxy-
gen concentration (Fig. 5-9) are consistent according to the distance between the trash
bag and the room centre. The leakage rate (Fig. 5-10) is practically the same for all
four cases. This underlines that the overall behaviour and especially the pressure built
up due to the trash bag fire is the same for all considered cases. Additionally the leak
position is on the floor level, where the effect of the fire is relatively small. Therefore no

differences are expected.
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Figure 5-9 Oxygen concentration in the centre of the ceiling (RH60)
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Figure 5-10 Leak flow through door
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For the heat flux into the target cable strong differences between the regarded cases
can be observed. To simulate the fire plume the zones above the trash bag are further
subdivided. An additional zone with the same diameter as the trash bag has been de-
fined above. Therefore an increasing of the fire plume size is not calculated. This leads
to similar results (Fig. 5-11 and 5-12) in case the trash bag fire is not below the target
cable (blue, black and green curves). Therefore it can be concluded that the effect of
the position between the trash bag and the target cable is calculated to strongly. It can
be assumed, that the temperatures in case 1 (0.3 m distance) are calculated too high
and on the other side the temperatures in case 2, case 3 and the base case may be
somewhat to low. The consequences can be seen in Fig. 513. Here the calculated
surface temperatures are very different between case 1 (about 900 K) and the other
cases (about 330 K). Even in the case 1 the ignition temperature of 643 K in the center-
line is never reached. Therefore the extrapolation mentioned in the benchmark descrip-
tion cannot be performed. As already mentioned the heat loss to the boundaries should
be quite similar for all cases (Fig. 5-14).
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Figure 5-14 Heat loss to boundaries

5.3 Case 4 and case 5: open doors or active ventilation system

In case 4 the door stays open during the whole problem time of 600s. Because the fire
is relatively small leading to oxygen rich conditions, the effect on the fire is relatively
small. It has to be mentioned, that the fire is simulated via a simple heat injection.
There is no feed back from the oxygen concentration on the fire process. The calcu-
lated temperatures in the room centre of ca se 4 are very similar to the base case (Fig.
5-15). Only the temperatures in the lower levels are slightly lower. This is caused by
the hot gas removal through the upper part of the door (Fig. 518). The behaviour in
case 5 with a running ventilation system is very similar. The calculated temperatures
(Fig. 5-16) are very similar to the base case. In the vented cases the oxygen
concentration is somewhat higher (Fig. 517). Fig. 5-18 presents the mass flow rate
through the open door for the case 4. The height of the door is subdivided into 4 level
of zones. Therefore a counter current flow can be calculated. In the beginning the in all
levels the flow rate is directed to the environment. This is due to the heat up and
expansion of the atmosphere of the burning room. At about 100s the counter current

flow is established. In the upper part of the door hot gas is moved to the environment
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In the upper part of the door hot gas is moved to the environment and in the lower part
of the door cold gas is going into the burning room.
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Figure5-17 Comparison of oxygen concentration below the ceiling and on level D

In case 5 fresh air is injected into the burning room through the right vent opening by a
fan system with a constant volume flow rate. The vent opening on the left side is
opened. On this side usual atmospheric junctions are used, to avoid an over or under
pressure inside the fire compartment. In Fig. 5-19 the mass flow rate through is open-
ing is plotted. According to the defined zone levels the vent opening is subdivided into

the three part. Therefore three junctions aredefined.

In the considered cases 4, 5 and the base case the position of the trash bag is the
same. The heat release and the radiation fraction is given by input. Therefore the radia-
tion flux on the target cable should be the same for all cases. This is shown in Fig. 5-
20. In the vented cases the atmospheric temperature near the cable are somewhat
lower. Therefore the convective heat transfer is different. Especially the case 5 has a
lower heat flux into the target cable, because the cold air is injected relatively close to
the target cable. These effects lead to the corresponding differences for the surface
temperature on the target (Fig. 5-21).
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6 Results for Part Il

First the base case of the part Il of the benchmark is discussed. Here the maximum
heat release is 1IMW. The distance between the burning and the target tray is 6.1m.
There are practically closed conditions. The results presented are corresponding to the
previous part. Because the pyrolysis rate is given by input and the burning process is
calculated by the models inside COCOSYS the heat release may be lower than the
specified heat release. The radiation flux on the target is not considered in these calcu-
lations. Instead the total heat flux on the target are plotted. The concentrations of the
chemical species CO, CO, HCI and unburned CHy fractions are plotted. The optical
density (smoke) is not calculated. To simplify the presentation, sometimes only the
upper and lower vaues at the ceiling or at the floor are plotted.

6.1 Base case

In comparison to the part | the heat release and oxygen consumption are much larger
for the situation considered in part I. Because the oxygen concentration should be
considered for the burning process, the simple cable pyrolysis model (see 2.4) is used
for this calculation. As a boundary condition the pyrolysis rate (derived from the pro-
posed heat release rate) is given byinput. This rate is not influenced by other effects.
This may result to higher concentrations of unburned pyrolysis fractions. The calculated
temperatures (Fig. 6-1) at the ceiling near the room centre rise up to about 700 K. At
about 1000 s the temperatures are decreasing again. Here the burning rate is reduced
due to the low oxygen concentration. Fig. 6-2 shows the comparison of the calculated
heat release due to the cable burning and the proposed heat release underlining the
situation. At this time the oxygen concentration below the ceiling falls below at about
4 Vol%. At this concentration the burning of the pyrolysis fractions is strongly restricted.
In the COCOSYS calculations the value of 4 % is used instead of the proposed 12 %,
due to the gained experience in the code validation. Fig 64 presents the leak flow
through the door. In the beginning the over pressure due to the heat up is compen-
sated. Under low oxygen conditions the leak flow is moderate indication nearly con-
stant pressure conditions. Using the simple cable burning model up to now a radiation
fraction of the heat release due to the burning process could not be considered. There-
fore the heat flux into the target cable results from the convective heat transfer only.
This may lead to somewhat too low values. Fig 6-5 shows the total heat flux into the

target. After a strong heat up of the target, it starts to cool down after about 2250 s.
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Figure 6-1 : Temperature profile in the room centre
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Figure 6-2 Heat release
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Figure 6-3 Oxygen concentration in the room centre
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Figure 6-4 Leak rate through door
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Figure 6-5 : Total heat flux into target

In comparison to part | the surface temperature of the target is now about 430 K and
much higher (Fig. 6-6). The maximum temperature is reached at about 1000s. A-
though the surface temperature is decreasing the centerline temperature is still rising.
At the end of 4800 s a temperature of about 375 K is reached, so the cable is not dam-
aged, according to the definition of the benchmark exercise. In comparison to the part |
the fraction of heat transferred to the boundary structures is larger (Fig. 6-7). At max-
mum heat release about 95% of the released heat is absorbed inside the structures.
This value is higher because the atmospheric temperatures are higher in comparison to
part I. Fig 6 -8 to 6-11 present the concentrations of the pyrolysis fractions and products
in the room centre for the different elevations. The simple pyrolysis model releases H,
HCI and CHy fractions. Against to the detailed model, a burning of the remaining car-
bon fraction is not possible. Considering the available oxygen the H and CHk fractions
are combust to steam and CO. The CO can be further burned to CO,. The HCI will be
released as a gas component. Chemical reactions with water and wall structures are
not yet considered. This will lead to higher HCI concentrations in the atmosphere.
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Figure 6-6 Surface and inner temperature of the target
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Figure 6-7 Heat loss to the boundaries

Fig 6-8 shows the CO concentration. If the oxygen concentration in the fire compart-
ment is high enough the burning process is complete. Therefore the first peak of CO up
to 0.8 Vol% occurs at about 1000s. Later the CO concentration decreases again. This
indicates that the reductions due to the burning of CO is higher than the CO production
due to the burning of the CHy fraction. The behaviour of the CO, concentration is simi-
lar (Fig. 6-9). CO: is produced from the beginning on. Later the production rate is de-
creasing. As a result the stratified conditions of the CO , concentration is vanishing. At
the end of the calculation the concentration at the ceiling is lower than the concentra-
tion at the floor level. This is caused by the increasing concentrations of CHx and HCI.
Fig. 6-10 and 6-11 presents the HCIl and CHX concentration, respectively. The behav-
iour of both is very similar. It should be pointed out that the release of the pyrolysis
fraction is given by input. In the reality there is a strong feed back of the burning pro c-
ess, depending on the available oxygen on the cable tray temperatures and release of
pyrolysis gases.
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Figure 6-8 CO concentration in the room centre
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Figure 6-10 HCI concentration in the room centre
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Figure 6-11 CHy concentration in the room centre

6.2 Case ltocase8

In these variations the position of the target cable tray is shifted sidewards and the heat
release (in practice the release of pyrolysis fractions) is increased from 1MW to 3MW.
In 6-12 the temperatures at the ceiling in the room centre are plotted for all cases.
Shifting the target, does not influence the temperature at the ceiling. Therefore the
temperatures for the base case, case 5 and case 8 are equal for example. The max-
mum atmospheric temperatures increases for higher heat release rates. But the effect
is much higher for the increase from 1 MW to 2 MW as for the step from 2 MW to
3 MW. The time of the maximum temperature is lower also. It is interesting, that the
atmospheric temperatures in the case of 1 MW release is higher than for the 2 or 3 MW
release later. This corresponds to the experience gained with the code, that higher re-
lease rates can ‘move’ the burning process away from the release point leading to
lower temperatures and may be to not conservative results. Fig. 6-13 presents the real
heat release rates in comparison to the given one. The small difference in the max-
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mum temperatures in the 2 and 3 MW case is underlined here again. Later the heat
release is lower in comparison to the base case.
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Figure 6-12 Temperatures below the ceiling in the room centre
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Figure 6-13 Heat release (base case, case5, case8)
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Fig 6-14 shows the oxygen concentrations at the ceiling for the different cases. It is
evident, that the oxygen is consumed earlier in the 2 and 3 MW cases, resulting in the
above described behaviour. The leak rate through the door is presented in Fig. 6-15. In
the first heat up phase gas is moved in the atmosphere. After this the direction of the
leak flow turns around, due to the cool down inside the fire compartment. Then be-
tween 1000s and 1500s the leak flow turns around again. Here the pressure built up
due to the release of pyrolysis gases is able to compensate the cool down of the fire
compartment. At this time no fresh air can enter the fire compartment. This underlines
again, that the release of pyrolysis gases may inhibit the burning process. Fig 616
shows, that the heat flux into the target depends only on the ‘heat release rate’. This is
caused by the neglecting of the direct radiation. The maximum surface temperature
(Fig. 6-17) is increased by about 20 K. The low difference results from the less amount
of oxygen inside the fire compartment. Fig 6-18 presents the heat loss to the bounda-
ries. Increasing the ‘heat release’ the consumption of oxygen is higher. Therefore the
maximum CO concentration is slightly higher and earlier. The overall qualitative behav-
iour of the concentration for higher heat release is quite similar to the base case (Fig 6-
19 to 6-22).
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Figure 6-14 Oxygen concentration below the ceiling in the room centre
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Figure 6-16 Heat flow into the target
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Figure 6-17 Surface and inner temperatures of the target (base case, caseb, case8)
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Figure 6-18 Heat loss to boundaries (base case, caseb5, case8)
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Figure 6-19 CO concentration at ceiling and bottom in room centre
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Figure 6-20 CO, concentration at ceiling and bottom in room centre
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Figure 6-21 HCI concentration at ceiling and bottom of room centre
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Figure 6-22 CHyconcentration at ceiling and bottom of room centre

6.3 Case 9 and Case 10: Ventilation and door effects

In case 9 the ventilation system is running until 15 min. Then the door is opened. In
case 10 the door is open and the ventilation system is running all the time. The main
difference is the available oxygen concentration. Therefore the temperatures below the
ceiling are much higher. The temperature at floor level is quite similar in all cases (Fig.
6-23). As it can be seen in Fig. 6-24 in case 9 and 10 the burning is nearly complete.
Only in case 9 the oxygen concentration (Fig. 6-25) goes under the limit of 4 % leading
to an incomplete burning of about 10%. Fig 6-26 shows the flow rate through the open
door. In case 9 the counter current flow is established shortly after the opening of the
door. In the cool down phase at the end of the problem time the flow through the door
starts to turn around. Fig. 6-27 shows the mass flow rate through the left vent opening.
In case 9 the ventilation system is stopped and additionally the vent opening is closed.
The flow rate is always directed to the environment. The heat flow to the target in the
vented cases is very similar according to the similar heat release (Fig. 6-28). In com-

parison to the base case the values are much higher, leading therefore to much higher
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surface temperatures (Fig. 6 -29). At about 4500s the threshold value of about 200 C for
cable damage is reached.
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Figure 6-23 Temperatures at 0.3, 2.3 and 4.4 m in the room centre
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Figure 6-24 Heat release (base case, case9 and casel0)
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Figure 6-25 Oxygen concentration at 2.3 and 4.4m in the roo m centre
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Figure 6-26 Mass flow rate through door (case 9 and 10)
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Figure 6-27 Mass flow rate through left vent opening (case 9 and 10)
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Figure 6-28 Total heat flow into target
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Figure 6-29 Surface and inner temperature of target
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In case 10 there are always oxygen rich conditions. Therefore the CO concentration is
always zero. In case 9 the oxygen concentration in the highest level is somewhat
lower. At about 1500s the burning rate is incomplete, leading to some amount of CO
there. The behaviour of the CO; concentration (Fig. 6-31) is very different in compaii-
son to the base case. This is the result of two opposite effects: the open conditions
reducing the concentrations of the gases and the higher pyrolysis and burning rate in-
creasing the concentrations. The CO, concentration for case 9 is somewhat higher.
The reason is the convection flow through the door needs some time to build up, lead-
ing to lower exchange rates during this time. The behaviour of HCI (Fig. 6-32) is qual-
tative similar to the behaviour of CO, The oxygen concentration in the vented cases is
high e nough for the complete burning of the CHx fraction (Fig. 6-33).
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Figure 6-30 CO concentration at bottom and ceiling in the room centre
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Figure 6-31 CO.concentration at bottom and ceiling in the room centre
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Figure 6-32 HCI concentration at bottom and ceiling in the room centre
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Figure 6-33 CHx concentration at bottom and ceiling in room centre

6.4 Case 11 and 12 : Elevation of the target

In this set of variations the elevation of the target is changed. In the base case the ele-
vation of the target cable is 1.1 m above tray A and on the same level as of C2 the heat
rekase level. In case 11 the elevation of target tray is 2.0 m above tray A and in case
12 the elevation is equal to tray A. It is clear, that the heat release and the burning pro-
cess are the equal to the base case, because there is no feed back from the taget
cable. Due to the different elevation and the stratified conditions inside the fire com-
partment the heat flux into the target is different. As one would expect the heat flux and

the surface temperature is higher for the higher elevations (Fig. 6-34 and Fig. 6-35).
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6.5 Case 13: different cable types

In this case 13 the cable type has been changed. The diameter of the target is now
changed from 50 mm to 15 mm, complete filled with PVC also. The heat flux into the
cable is lower, due to the reduced surface (Fig. 6-36). On the other side the surface
temperature and especially the inner temperature of the target are much larger. In this

case the damage criteria of 473 K is reached.
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Figure 6-36 Comparison of different cable types (total heat flux)
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Figure 6-37 Comparison of cable types (surface and inner temperature)

7 Conclusions

To evaluate the capabilities and the applicability of different fire code a benchmark
problem has been set up in the frame of the “International Collaborative Project to
Evaluate Fire Models for Nuclear Power Plant Applications”. In the technical note the
results of the COCOSYS system code are presented.

COCOSYS is a so called lumped parameter code. Therefore a detailed nodalisation
with more than 320 nodes has been set up for the simulation of all parameter varia-
tions, with different trash bag positions (part 1) and different locations of the target tray
(part 11). Additional the detailed nodalisation is able to calculate local convection loops
and stratified conditions.

Regarding the results of all variations for part | and part Il could be qualitatively ex
plained. The following tables give an overview of the analytical results:
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Table 7-1 Results of part |

Part | O, conc. @ Max. plume | Max. over- Max. Out- Layer height [Max. temp. at ceiling | Max. flux on target Max. Target Cable
600s in RH6O  flow [kg/s] |pressure flow [kg/s] | @ 240s [m] (zone RH60) [K] [W/mz] Temp. [K]
[Vol-%] [Pa]
Base c. 19.33 0.2910 975. 0.3978 - 449.2 total: 472.2 surface: 312.54
radiation: 302.9 centre: 300.09
Casel - 386.6 total: 26763 surface: 326.49
radiation: 15234 centre: 300.31
Case?2 - 400.7 total: 711.4 surface: 314.73
radiation: 624.1 centre: 300.15
Case3 - 418.4 total: 648.0 surface: 313.95
radiation: 507.4 centre: 300.12
Case4 open (-12.) 1.26 - 452.4 total: 485.5 surface: 311.26
radiation: 318.2 centre: 300.09
Caseb 19.74 open - 451.1 total: 395.7 surface: 308.09

radiation: 317.5

centre: 300.07

F-56




Table 7-2 Results of part Il

Part 11 Oz conc. in Max. over- Layer height [Max. temp. at ceiling Max.;lux on target Max. Target Cable
RH60 pressure [m] (zone RH60) [K] [W/m~©], total Temp. [K]
[Vol-%] [Pa]
Base c. @500s: 17.6 2104. - 646.2 2400. surface: 436.
centre: 374.
casel - 814. surface: 438.
centre: 374.
case?2 - 2368. surface: 435.
centre: 373.
caseb - 4628. surface: 448.
centre: 369.
casel0 | @ 3800s:9.85 - 702. 2158. surface: 555.
centre: 472.
casell - 2527. surface: 446.
centre: 379.
case 12 - 1827. surface: 398.
centre: 355.
case 13 - surface: 482.
centre: 473.
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According to the benchmark description, an ignition of the target tray is assumed, if the
centerline temperature exceeds 643 K. Because this temperature is never reached
(even in case 1) an extrapolation was not possible. It has been found that the differ-
ence between case 1 (0.3 m distance, nearly below the target) and case 2 (0.9 m dis-
tance) is very strong. The main reason is, that the form of the plume is not really calcu-
lated. COCOSYS has no specific plume models. Therefore the form of plumes is
mainly caused by the used nodalisation. Consequently the width and additionally the
inner temperature inside the plume is not really calculated. In reality the form of plume
will be larger and the inner temperature somewhat lower, resulting in a more smooth

behaviour changing the distance.

For the nodalisation small zones are defined. Using the lumped parameter concept,
one has to keep in mind, that the momentum balance is not calculated. Defining a fan
system injecting fresh air into these small nodes, may lead to wrong results in the
nodes around the inlet, because the momentum of the gas flow is not considered.

In part Il the pyrolysis rate is much larger, so that the burning process is mainly caused
by the available oxygen. In the benchmark an oxygen limit is assumed by about 12 %.
In the benchmark calculations a limit of about 4 % is used. This value has been vai-
dated against the HDR 41.7 oil fire experiment. Because the fire is oxygen controlled
there is a strong difference between the closed conditions and vented conditions. In
case of oxygen controlled conditions, the release of pyrolyzed gases is still according
to the specified formula in the benchmark description. Then these gases are trans-
ported to other nodes, where these may be burned. In reality there will be a strong feed
back from the burning process (heat release, radiation) to the surface temperature and
following the pyrolysis rate. To consider this effect is important. One of the reason is,
that for example a reduced release of pyrolyzed gases may lead to increased tempera-
tures in the fire compartment. This effect an be seen, comparing the cases 5 and 8
with the base case. Therefore higher pyrolysis rates will not lead automatically to con-

servative results for the temperatures.

Using the simple cable burning model, the radiation of the burning trays can not be

calculated. Therefore the results of the cases 1 to case 8 and the base case are de-
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pending only on the ‘heat release’ rate. The target temperatures are calculated lower,
because only the convective heat transfer is used.

& W ).

¢ > Yis used
&n’KH

for the boundary structures and the cables. This value seems to be very high, espe-

In all calculations a constant convective heat transfer coefficient of 15

cially for the low level zones near the floor. Usually composed correlations are used for
free and forced convection, condensation and radiation are used. To simplify the
benchmark problem, the real structure of cables is not considered. In COCOSYS it is
possible, to compose a structure (plate or cylinder type) with different materials (like

PVC, isolation material, copper).
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10 Appendix A

In the following the benchmark description is given:
Room Size and Geometry

A representative PWR emergency switchgear room is selected for this benchmark ex
ercise. The roomis 15.2 m (50 ft) deep x 9.1 m (30 ft) wide and 4.6 m (15 ft) high. The
room contains the power and instrumentation cables for the pumps and valves assoa-
ated with redundant safe-shutdown equipment. The power and instrument cable trays
associated with the redundant safe-shutdown equipment run the entire depth of the
room, and are arranged in separate divisions and separated horizontally by a distance,
D. The value of D, the safe separation distance, is varied and examined in this prob-
lem. The cable trays are 0.6 m (~24 in.) wide and 0.08 m (~3 in.) deep.

A simplified schematic of the room, illustrating critical cable tray locations, is shown in
the attached figure. The postulated fire scenario is the initial ignition of the cable tray

labelled as “A”, located at 0.9 m (~3 ft) from the right wall of the room at an elevation of
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2.3 m (7.5 ft) above the floor, by a trash bag fire on the floor. Cables for the redundant
train are contained in another tray, labelled “B,” the target. A horizontal distance, D, as
shown in the attached figure separates tray B from tray A. The room has a door, 2.4 m
x 2.4 m (8 ft x 8 ft), located at the midpoint of the front wall, assumed to lead to the
outside. The room has a mechanical ventilation system with a flow rate of 5 volume
changes per hour in and out of the room. Assume a constant flow rate in the mechani-
cal ventilation system. The midpoint of the vertical vents for the supply and exhaust air
are located at an elevation of 2.4 m and have area of 0.5 nt each. Assume vents are
square and located at the centre of the side walls (parallel to the cable trays). Assume
air is supplied from the outside through the right wall, and exhausted to the outside

from the left wall.

The effects of the fire door being open or closed, and the mechanical ventilation on and

off will be examined.

It is assumed that:

Other cable trays (C1 and C2) containing critical and non-critical cables are located

directly above tray A.

No combustible material intervenes between trays A and B.

Analyses

There are two parts to the analyses. The objective of Part | is to determine the max-
mum horizontal distance between a specified transient fire and tray A that results in the
ignition of tray A. This information is of use in a fire PRA to calculate the area reduc-
tion factor for the transient source fire frequency, which are derived to be applicable to
the total area of the rooms. Analyses of this part of the problem will also provide n-
sights regarding the capabilities of the models to predict simpler fire scenarios for risk
analyses than those associated with fires of redundant cable trays.

Part Il will determine the damage time of the target cable tray B for several heat le-
lease rates of the cable tray stack (A, C2, and C1), and horizontal distance, D. The

effects of target elevation and ventilation will also be examined.
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Thermophysical Data for Walls, Floor, and Ceiling (Concrete)

Specific Heat 1000 J/KgK
Conductivity 1.75 W/mK
Density 2200 Kg/m3
Emissivity 0.94

Assume the walls, floor and ceiling are 152 mm thick.

Thermophysical Data for Cables

Heat of combustion of insulation 16 MJ/kg
Fraction of flame heat released as radiation 0.48

Density 1710 kg/m3
Specific Heat 1040 J/kgK
Thermal Conductivity 0.092 W/mK
Emissivity 0.8

Chemical Properties of Cables

Assume cable insulation is PVC — polyvinyl chloride. Chemical formulais C HLI. The

oxygen-fuel mass ratio = 1.408. The yields (mass of species/mass of fuel) are listed in

the following Table.

Yields for PVC

Species Yield
CO: 0.46
CcoO 0.063
HCI 0.5
Soot 0.172
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Assume the Smoke Potential of PVC = 1.7 ob.m3/g, where the smoke potential is de-

fined as the optical density (dB/m or ob) x Volume of the compartment (m3)/mass of

the fuel pyrolyzed (g).

Ambient Conditions (Internal and External)

Temperature 300 K
Relative Humidity 50
Pressure 101300 Pa
Elevation 0

wind Speed 0

Other Constants and Indices

Constriction coefficient for flow through door 0.68
Convective heat transfer coefficient 15 WmK™
(assume same for all surfaces)

Lower Oxygen Limit 12%

Construction and Properties of Fire Door

The following are properties of the fire door for use in models that allow the incorpora-

tion of such features. Assume fire door is a metal-clad door with a wood core, and in-

sulating panels between the wood core and the metal clad (on both sides of the wood

core). Assume metal clad = 0.6 mm, wood core = 40 mm, and insulating panel = 3

mm.
Properties of Fire Door
Conductivity Density Specific Heat
(W/mC) (Kg/m?® (kJ/KgC)
Metal Clad - Carbon Steel 43 7801 0.473
Wood Core - Yellow Pine 0.147 640 2.8
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Fiber, insulating panel 0.048 240

Input Data for Part |

Heat Release Rates

Assume heat release rate for a trash fire as characterized in the following Table (as-

sume linear growth between points).

32 Gallon Trash Bag Fire

Time (minutes) Heat Release Rate (kW)
1 200
2 350
3 340
4 200
5 150
6 100
7 100
8 80
9 75
10 100

The trash bag consists of: (1) straw and grass cuttings = 1.55 kg; (2) eucalyptus duff =
2.47 kg; and (3) polyethylene bag = 0.04 kg. Contents were thoroughly mixed, and
then placed in the bag in a loose manner. Approximate the trash bag as a cylinder with
a diameter = 0.49 m and height = 0.62 m. Assume the fraction of heat released as

radiation is 0.3, and the heat of combustion of the trash bag material = 24.1 MJ/Kg.

Assume the trash bag and the target (representing tray A) are at the center of the cable
tray lengths. In order to conduct a simplified and conservative analysis, assume the
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target is a single power cable with a diameter = 50 mm at the bottom left corner of the
cable tray A. For models in which targets are represented as a rectangular slab, as-
sume the slab is oriented horizontally with a thickness of 50 mm. Assume the cable

ignites when the centerline of the cable reaches 643 K.

Base case

Distance between the midpoints of the trash bag and tray A = 2.2 m (~7 ft), the door is
closed, and mechanical ventilation system is off.

Variation of Parameters

A. To facilitate comparisons of code results, simulations for horizontal distances be-
tween the trash bag and tray A of 0.3, 0.9, and 1.5 (~1, ~ 3, and ~ 5 ft) should be

conducted (Cases 1-3)

B. Simulations should also be conducted with (a) the door open and mechanical sys-

tem off; and (b) mechanical ventilation system on and door closed (Cases 4-5).

Summary of Cases for Part |

Distance from Fire Door Ventilation System
Base Case 2.2m Closed’ Off
Case 1 03"
Case 2 09
Case 3 15
Case 4 Open
Case 5 On

* For simulations with the door closed, assume a crack (2.4 m x 0.005 m) at the bottom

of the doorway.

“Avalue in a cell indicates the parameter is varied from the base case.
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The maximum horizontal distance between the trash bag and tray A, that results in the
ignition of tray A, should be determined by extrapolation of results for the simulations

with the door closed and mechanical ventilation system off (Base case to Case 3).

The resulting centerline temperature of the cable should be presented for these simula-

tions. In addition, the following parameters should be reported:

Upper layer temperature

Lower layer temperature

Depth of the hot gas layer

Heat release rate

Oxygen content (upper and lower layer)
Flow rates through door and vents
Radiation flux on the target

Target surface temperature

Total heat loss to boundaries

For CFD and lumped parameter models, the profile at the midpoint of the room should

be presented. All results should be presented in Sl units.
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Input Data for Part Il
Heat Release Rates

The modeling of and predicting the heat release rate of a burning cable tray stack is
extremely complex, and current models are not capable of realistically predicting such
phenomena. Therefore, the heat release rates of the burning cable tray stack is de-
fined as input in the problem. The consecutive ignition and burning of all 3 cable trays
(trays A, C2, and C1) will be modeled as one fire. Conduct analyses assuming peak
heat release rate for the whole cable tray stack between 1- 3 MW. Assume t-squared
growth with t = 10 min., and Qo= 1 MW.

Q=Qo (t/to)”

Assume a fire duration of 60 minutes at peak heat release rate, and then a t-squared

decay with similar constants as for growth.
Geometry

For point source calculations, assume the heat source (trays A, C2, and C1) is at the
center of the cable tray length and width and at the elevation of the bottom of tray C2.
For 3-D calculations, assume the fire source is the entire length of tray C2 (15.2 m),
width (0.6 m), and height of 0.24 m (0.08 x 3). Assume the target (representing tray B)
is at the center of the cable tray length. In order to conduct a simplified and conserva-
tive analysis, assume the target is a single power or instrumentation cable with no ele c-
trical conductor inside the cable, and with a diameter of 50 mm or 15 mm respectively
at the bottom right corner of cable tray B. For models in which targets are repe sented
as a rectangular slab, assume the slab is oriented horizontally with a thickness of 50
mm or 15 mm. Assume the cable is damaged when the centerline of the cable reaches
200 C.

Base Case

Heat Release Rate for cable tray stack = 1 MW (reaching peak heat-release rate and

decaying as specified above) at a horizontal distance, D = 6.1 m (20 ft). Door is closed
and ventilation system is off. Target is a power cable 1.1 m (3.5 ft) above tray A.
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Variation of Parameters

A. VaryD=3.1,4.6 m(~10, ~15 ft.) — Cases 1-2

B. Vary peak heat release rate for cable tray stack = 2 MW, and 3 MW (reaching peak
heat-release rate and decaying as specified above) at a horizontal distance, D =
3.1, 4.6, 6.1 m (Cases 3-8).

C. Door closed and ventilation system operational initially; and door opened, and ve n-

tilation system shut after 15 minutes (Case 9).

D. Door and ventilation system open throughout the simulation (Case 10).

E. Two elevations for tray B should be analyzed to examine the possible effects of the

ceiling jet sub-layer and the elevation of the target:

-2.0 m (6.5 ft) above tray A, (i.e., 0.3 m (1 ft) below the ceiling) — Case 11

- Same elevation as tray A— Case 12

F. Instrumentation cable with diameter = 15 mm (Case 13)

The resulting centerline temperature of the target, and time to damage of target, should

be presented for these analyses. In addition, the following parameters should be -
ported:

Upper layer temperature

Lower layer temperature

Depth of the hot gas layer

Heat release rate

Oxygen content (upper and lower layer)
Flow rates through door and vents
Radiation flux on the target

Target surface temperature

Total heat loss to boundaries

Chemical species (CO, HCI, soot) in upper layer
Optical density of smoke (optional)

For CFD and lumped -parameter models, the profile at the midpoint of the room should

be presented. All results should be presented in S| units.
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Summary of Cases for Part ||

HRR (MW) | D(m) Door Vent. Sys. Targ et Elev.
(m)
Base 1 MW 6.1 Closed” Off Power 1.1
Case
Case 1 3.1
Case 2 4.6
Case 3 2 31
Case 4 2 4.6
Case 5 2 6.1
Case 6 3 3.1
Case 7 3 4.6
Case 8 3 6.1
Case 9 Open>15 min | Off>15 min
Case 10 Open On
Case 11 2.0
Case 12 Same
Case 13 Instrument

* For simulations with the door closed, assume a crack (2.4 m x 0.005 m) at the bottom

of the doorway.

“Avalue in a cell indicates the parameter is varied from the base case.
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International Collaborative Project to Evaluate Fire Models for Nuclear Power
Plant Applications

Benchmark Exercise # 1 - Cable Tray Fires of Redundant Safety Trains

Simulations using JASMINE and CFAST

S.D. Miles
Building Research Establishment, UK

SUMMARY

As part of its participation in the International Collaborative Project to Evaluate Fire Models for
Nuclear Power Plant Applications, BRE has made numerical predictions for Benchmark
Exercise # 1 — cable tray fires of redundant safety trains. Trash bag and cable tray fires inside
a switchgear room were modelled, with the main objective to ascertain the likelihood of
thermal damage to a ‘target’ cable at various distances form the fire source.

BRE has performed simulations using a CFD model (JASMINE) and a zone model (CFAST).
Results and analysis were presented at a meeting of the collaborative project in January
2001. This paper summarises the findings from the BRE simulations.

Due to the nature of the benchmark scenarios, both CFAST and JASMINE indicated that
damage to the target cables was unlikely in all scenarios. However, some important
observations were made, including the difficulty in modelling nearly-sealed rooms where the
difference in pressure predicted by CFAST and JASMINE providing the most noticeable
difference in the output from the two models. Other issues that were found to be important
included the modelling/assessment of the heating of the target cables, and the influence of
using different oxygen starvation criteria and fire sourc e locations.
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INTRODUCTION

In October 1999 the U.S. Nuclear Regulatory Commission and the Society of Fire Protection
Engineers organised a planning meeting with international experts and practitioners of fire
models to discuss the evaluation of numerical fire models for nuclear power plant
applications. Following this meeting an international collaborative project was set up with a
view to sharing knowledge and resources from various organisations and to evaluate and
improve the state of the fire modelling methods and tools for use in nuclear power plant fire
safety.

The UK Building Research Establishment (BRE) was represented at the next meeting of the
collaborative project (ISPN, Paris, June 2000). The main outcome from this meeting was a
finalised problem definition for a nuclear power plant fire scenario, to be used as a benchmark
exercise for which the participating organisations would undertake numerical predictions and
then compare results.

BRE’s Fire and Risk Sciences (FRS) Division performed zone model (CFAST) and CFD
(JASMINE) simulations of selected scenario cases from the benchmark exercise. Results and
analysis were presented during the third meeting of the international collaborative project at
the Electric Power Research Institute (EPRI), California in January 2001.

This paper summarises the CFAST and JASMINE simulations and findings. Following
sections describing briefly the fire models used, there is a section highlighting the main results
and analyses.

CFAST DESCRIPTION

CFAST is one of the most widely used zone models, available from the National Institute of
Standards and Technology (NIST), USA. It is the main component of the program suite FAST,
which is controlled through a graphical user interface. CFAST/FAST version 3.1.6 was used
in the aurrent study, which is the most recent complete version to be released.

CFAST is a multi-room zone model, with the capability to model multiple fires and targets.
Fuel pyrolysis rate is a pre-defined input, and the burning in the compartment is then
modelled to generate heat release and allow species concentrations to be calculated. For
most applications CFAST is used as a conventional two-zone model, whereby each
compartment is divided into a hot gas upper layer and a cold lower layer. In the presence of
fire, a plume zone/model transports heat and mass from the lower to upper layer making use
of the McCaffrey correlation [1]. Flows through vents and doorways are determined from
correlations derived from the Bernoulli equation. Radiation heat transfer may be included
using an algorithm derived from that of Siegel and Howell [2]. Other features of CFAST of
relevance to the benchmark exercise include a one-dimensional solid phase heat conduction
algorithm employed at compartment walls and targets and network flow model for mechanical
ventilation.

Publications available on the NIST website (www.nist.gov) [3,4] provide a comprehensive

description of CFAST and the models employed. A summary of comparison with experimental
measurements is provided also.
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JASMINE DESCRIPTION

JASMINE is a CFD fire code that has undergone continual development at the BRE over
nearly 20 years. It simulates fire and smoke movement in three -dimensions, for steady state
and time-dependent applications. Version JASMINE 3.1 was used in this benchmark
exercise.

JASMINE is a finite -volume CFD code, employing a variant of the SIMPLE pressure-
correction scheme on a structured, Cartesian mesh. The program can model single and
multiple compartment enclosures with arbitrary openings (doors, windows and vents),
obstructions, fire/heat sources and mechanical ventilation systems. External wind profiles,
static pressure boundaries and symmetry planes may be specified.

A modified, enhanced version of an early PHOENICS code provides the core pressure-
correction solver. Turbulent closure is by a k-emodel using the standard constants and
additional buoyancy source terms. Standard wall functions for enthalpy and momentum
describe the turbulent boundary layer adjacent to solid surfaces. A suite of sub-models for
combustion, radiation, data analysis etc has been added as part of the code development.

A scenario may be set-up using the graphical user interface (JOSEFINE), which allows the
user to define the geometry and boundary conditions and view the results with a graphical
post-processor. The results may be viewed also with the commercial CFD post processor
FIELDVIEW. A detailed summary text file is generated, containing convergence information,
analysis data etc.

JASMINE has been validated against data frompre-flashover fire experiments inside
domestic size rooms, atria, tunnels, hospital wards and other enclosures. More recently it has
been validated against data from post-flashover fire tests also. Further details are provided in
the validation section.

Modelling Details

Mathematical details of the differential-integral equations describing the fluid flow processes
may be found elsewhere, see for example [5]. In summary, the equations describing the fluid
dynamics of Newtonian fluids (which includes most common fluids such as air and water) are
the NavierStokes equations for momentum and mass conservation and the related
advection-diffusion transport equation describing conservation of other properties such as
energy and species concentration. These equatio ns, together with equations of state for
density and temperature, describe very accurately the physics of Newtonian fluids.

CFD models approximate the underlying equations with a coupled system of algebraic
equations that are solved numerically on a discre te mesh or grid. This yields predictions for
velocity, pressure, temperature etc at each mesh point in space and time. JASMINE, in
common with most other CFD fire models, employs the finite volume method [6,7], in which
the differential equations are firsttransformed into an integral form and then discretised on the
control volumes defined by the mesh.
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JASMINE solves a time/ensemble-averaged form of the Navier-Stokes and transport
equations, where the turbulent fluctuations are not modelled explicitly, but instead are
‘incorporated’ into the solution by a ‘turbulence model’. The particular model used in
JASMINE is the industry standard, k-e model [8], which employs the eddy viscosity
assumption in which the effect of turbulence is included as an additional ‘turbulent viscosity’.
Additional source terms are included in the k-e model to account for the effects of buoyancy

(9.

The ensemble-averaged NavierStokes and transport equations, coupled with an equation of
state (ideal gas law) and the various sub-models for the fire physics, defines the equation set
in JASMINE. This is discretised and solved numerically on a structured three-dimensional grid
using the SIMPLEST scheme, a variant of the SIMPLE pressure-correction scheme [7,10].
Convection terms are discretised with the first-order ‘upwind’ scheme and time advancement
is by the firstorder, fully implicit, backward Euler scheme. Standard wall functions for
enthalpy and momentum [8] describe the turbulent boundary layer adjacent to solid surfaces.

Combustion is generally modelled using an eddy breakup assumption [11] in which the fuel
pyrolysis rate is specified as a boundary condition, and combustion is then calculated at all
control volumes as a function of fuel concentration, oxygen concentration and the local
turbulent time-scale (provided by the k-emodel). Simple one -step, infinitely fast chemical
reaction is assumed. The eddy breakup model is appropriate for turbulent diffusion flames
characteristic of fire, where the rate of reaction is controlled by the comparatively slow mixing
of fuel with oxygen. Complete oxidation of the fuel is assumed when sufficient oxygen is
available, and therefore predictions of carbon monoxide are not provided by this approach.

Radiant heat transfer is modelled with either the sixflux model [12], which assumes that
radiant transfer is normal to the co-ordinate directions or the slower, but potentially more
accurate, discrete transfer method [13]. Local absorption-emission properties are computed
using Truelove's mixed grey-gas model [14], which calculates the local absorption coefficient
as a function of temperature and gas species concentrations and, if available, soot
concentration also.

Density is defined from the equation of state, and gas temperature is calculated from the
definition of enthalpy, in which specific heat is itself a function of temperature and species
concentrations. Thermal conduction into solid boundaries is approximated by a quasi-steady,
semi-infinite one -dimensional assumption.

Code Validation

JASMINE has been validated against experimental measurement for a range of scenarios,
ranging from small enclosure fire experiments to large, fully developed fires in tunnels and
offshore structures. Some of the more important validation cases are referenced below.

The Steckler experiments [15]. In these experiments steady state mass flow rates, velocity
profiles and temperatures associated with a burner at various locations inside a 2.8 mx 2.8 m
x 2.18 m compartment with a single doorway opening were measured. Good agreement was
found for the doorway flow rates, with the CFD model capturing the influence of plume lean
on the entrainment process.
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The Lawrence Livermore experiments [16]. A series of steady state experiments were
performed with a spray pool fire inside a 6 m x 4 m x 4.5 m nuclear test cell with mechanical
ventilation. Good agreement was obtained for temperatures inside the test cell, and the
prediction of fire-induced pressure rise was reasonably close to the measured value.

Hospital ward experiments [17]. An experiment was performed involving a burning PU-foam
mattress in a ward of dimensions 7.3 m x 7.9 m x 2.7 m. Pre -fire steady condition, driven by
the heat released from a set of wall radiators, and the subsequent transient fire phase were
simulated. Good temperature agreement was achieved, and good species (CO,) agreement
at head height also. However, there was some discrepancy in CO, at bedside height.

Sports stadium [18]. Simulations were made of fire tests performed in a 1/6th-scale physical
model of a proposed sports stadium. Comparisons were made for temperatures at
thermocouple tree locations, which showed good agreement. Some discrepancy at ceiling
level was attributed to the approximate ‘staircase’ representation of the dome shape.

Zwenberg railway tunnel experiments [19,20]. Predictions made by TUNFIRE, the tunnel
specific version of JASMINE, were compared to measurements from a series of fire tests in
the disused Zwenberg railway tunnel in Austria. The tunnel is 390 m long wit a 2.18%
gradient. Steady state scenarios involving natural and forced longitudinal ventilation with fires
of approximately 20 MW were modelled. Predictions of the temperature and species
downstream of the fire source were in good agreement with measurement. However, the
need for further model development in the treatment of radiation and heat transfer in the
vicinity of the fire was highlighted.

Memorial Tunnel experiments [21]. The decommissioned Memorial Tunnel in the USA was
used for an extensive set of fire tests involving natural, longitudinal and transverse ventilation.
A selection of the longitudinal ventilation tests, involving pool fires from 20 to 100 MW, was
modelled with TUNFIRE. The transient simulations captured the main features of the tests,
predicating the performance of various jet fan configurations reasonably well. Some
discrepancy was found in the pre-ventilation stage where the smoke layer dropped to ground
level more quickly in the simulations compared to the tests.

Channel Tunnel shuttle wagon tests [22]. As part of the safety study for the Channel Tunnel,
JASMINE was validated against fire experiments inside a car shuttle wagon. It was shown
that by considering properly the mechanical ventilation system and the boundary heat losses
reasonably good agreement could be achieved for temperature and gas species.

LBTF tests [23]. An eight-storey, steel framed building, constructed at BRE's Cardington
Hanger, provided an ideal opportunity to perform full-scale fire tests. The 8.4 m high atrium
and part of the first floor were used in the study of fully-ventilated fires up to 5 MW in size.
Predictions of smoke layer depth and temperature matched experimental measurement
reasonably closely, as did the entrainment rates.

Postflashover compartment fire tests [24]. A series of fully developed, ventilation-controlled
fire tests was sponsored by the European offshore industry to validate zone and CFD models.
Tests involving pool fires up to 80 MW inside single opening enclosures were modelled with
JASMINE. Good agreement was found in the vent flow rates and temperatures. Furthermore,
the simulations captured the oxygen depletion process correctly. The main discrepancy was
in the temperatures and fluxes at the back of the compartment, attributed in part to the
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complexity of the wall lining behaviour, which involved the steel sheeting becoming partly
detached during the tests.

CIB round robin activity [25]. The Commission of the International Council for Research and
Innovation in Building and Construction (CIB) co-ordinated a series of round robin fire model
validation exercises in which participants made ‘blind’ predictions for fire tests in the
knowledge of only a limited amount of information (geometry, thermal properties, fire pyrolysis
rate). JASMINE simulations were made for a compartment (7.2 m x 7.2 m x 3.6 m) with a
‘letter-box’ opening and two crib fire sources. Good agreement was found for species
predictions, and reasonable agreement for temperatures. Predicted incident wall fluxes were
noticeably lower than those ‘estimated’ from the measurement data, attributed in part to the
guasi-steady heat conduction treatment used in the simulations.

Balcony spill plume tests [26]. As part of a wider study into the entrainment processes
associated with spill plumes, JASMINE simulations of various 1/10 "_scale experiments were
performed. Predicted and measured entrainment rates were in reasonable agreement. An
important conclusion was that grid refinement did have an important influence on the
predicted entrainment rate.

Sprinkler model validation [27]. As part of the development of a sprinkler model for JASMINE,

simulations were undertaken of a full-scale fire test where the influence of the water spray on
gas temperatures and velocities at ceiling level was investigated. Reasonable agreement was
found, and areas of further improvement identified.
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BENCHMARK EXERCISE

Problem Definition

Following publication of the specification for the benchmark exercise # 1, BRE has
undertaken CFD (JASMINE) and zone model (CFAST) predictions for selected scenario
cases. The benchmark exercise is described in Appendix A.

Table 1 shows the scenario cases modelled by BRE. Due to the long duration of the Part Il
scenarios (80 minutes), the CFD (JASMINE) simulations were undertaken for between 20 and
45 minutes only (depending on the case). This was sufficiently long to investigate the main
features of each scenario, and allowed more cases to be undertaken with the available
computing resource. Whereas individual JASMINE simulations were un dertaken for each Part
| case, some of the Part Il cases were ‘doubled up’ in that a CFD solution was used to
investigate more than one case. This was due to some cases differing only in the location of
the target cable, which itself did not influence the CFD solution, i.e. one CFD solution was
used to predict the thermal damage to multiple target locations.

Table 1. Benchmark scenarios modelled

Numerical Model Scenarios Modelled

Part |: base case, case 1 and case 4
JASMINE
Part IlI: base case and cases 12, 9,10,11,12 & 13

Part I: all cases
CFAST
Part II: all cases

While the problem specification was followed as closely as possible, some user interpretation
was required, in particular in respect to the target description and the treatment of radiation.
Most simulations were completed prior to the third project meeting, and the findings were
presented at that meeting. Some further simulations have been performed since, looking at
the effect of mechanical ventilation with CFAST and the prediction of pressure in the door -
crack scenarios with JASMINE.

In CFAST, heat transfer to a rectangular target object, orientated in a particular direction, can
be modelled using a one -dimensional equation. The simulations showed that the choice of
target orientation could have a significant influence on the size of the incident heat flux.
JASMINE also allows heat transfer to solid objects to be modelled using a semi-infinite, quasi-
steady approximation. For the current work, however, an assessment of the likelihood of
target cable damage was based on the local gas temperature and mean radiation flux. This
will in general provide a conservative approach, over-predicting the thermal hazard.
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For the CFAST simulations radiation from the fire plume was incorporated, as specified , by
reducing the fire size by 30%. For the JASMINE simulations a six-flux radiation model was
employed, and rather than defining the radiation loss explicitly it was predicted by the solution
of the CFD and radiation models. Some later simulations investigated the effect of using a
fixed radiation loss of 30% and no radiation model.

The two-zone assumption was used for all the CFAST simulations. A constrained fire was
assumed, which allowed for oxygen availability to control the rate of heat release from the
pre-defined pyrolysed fuel. As stipulated in the benchmark specification, a 30% radiative loss
was included. Although the wall and ceiling thermal properties were specified exactly, the
separate door properties were not included. To investigate the effe ct of orientation on the
predictions of target surface temperature, two normal directions were considered, namely
facing towards the ceiling and towards the floor. The ceiling jet sub-model was used.

The JASMINE simulations employed between 124,000 and 175,000 control volumes,
resolving the vertical extent of the door crack with two control volumes. An eddy break-up
combustion model was used, which allowed the oxidation of the pre-defined pyrolysed fuel to
be calculated as a function of oxygen concentration and local turbulent mixing. The sixflux
radiation model, combined with Truelove’s emissive power model, was used in the majority of
simulations, allowing the radiation losses from the plume and hot gas layer to be calculated
with reasonable accuracy. How ever, to compute fluxes to target cables with greater accuracy
would have required the computationally more expensive discrete transfer model. Soot
formation and oxidation was not modelled. Although not generally employed in the JASMINE
combustion model, a oxygen cut-off was applied in the majority of simulations, using a figure
of 12% as requested.

Both JASMINE and CFAST showed that for Part | sufficient oxygen was available for
continual combustion in all cases, i.e. the open doorway and door crack cases. The 12% LOL
was not reached in either set of simulations. Both models indicated that target cable damage
would be very unlikely due to only a modest rise in gas temperature. Figures 1 and 2 show
CFAST and JASMINE temperature predictions for the base case and cases 4 and 5 of Part I.
Whereas the CFAST values are for the upper layer in the two-zone approximation, the
JASMINE temperatures are for a location just below the centre of the ceiling. This will account
in part for the difference in predicted values for CFAST and JASMINE, since the CFD model
does not consider an average layer/zone temperature. A further point to note is that JASMINE
predicted a slight increase in temperature in the presence of mechanical ventilation, which
was not shown in the CFAST simulations. Additional, forced airflow will effect the flow pattern
in the plume and upper layer, and this is not captured by a zone model. Figure 3 illustrates
the effect that mechanical ventilation has on the plume shape in the JASMINE simulations.

A significant finding from the CFAST simulations was that the target orientation could have an
important bearing on the incident flux, and resultant target temperature. By facing the target
downwards the incident flux was in some instances more than double that obtained when the
target faced upwards, as illustrated in Figures 4 and 5. If the target had been directed directly
towards the fire, i.e. at an oblique angle, then the incident flux and heating of the cable would
most probably been higher still.

Figure 6 shows target radiation fluxes estimated from the JASMINE simulations, where

because the target was not modelled explicitly, an average directional flux has been taken.
Whereas for case 1 the flux levels are comparable between CFAST and JASMINE, for the
other cases examined with JASMINE the similarity is much less. A significant factor here is
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that JASMINE models radiation emission and absorption from the gas layer (CO, andH,0),
which may be an important transfer mechanism.

As shown in Figures 7 -9, both models produced similar flow rates across the doorway for the
open doorway scenario (case 4). This scenario represents the classic enclosure fire for which
both zone and CFD models would be expected to give similar results.

The most significant difference be tween the JASMINE and CFAST predictions for Part | was
in the pressure predictions for the door crack cases, with CFAST predicting significantly
higher pressure build up inside the room. Furthermore, whereas JASMINE predicted outflow
form the door crack throughout the duration of the scenario (10 minutes), CFAST predicted a
period of moderate inflow after the initial pressure build-up had been dissipated due to venting
of gases through the door crack. Figures 10 and 11 show the pressure predictions for CFAST
and JASMINE, without (base case) and with (case 5) additional mechanical ventilation. The
outflow and subsequent inflow predicted in the CFAST simulation can be seen in Figures 9
and 10.

On initial examination, the pressures predicted by CFAST for the door crack cases (peak
value approximately 2000 Pa) seem perhaps too high, whereas the JASMINE values (of the
order 50 Pa) seem more reasonable for a compartment fire scenario. While the ‘background’
pressure level within a sealed compartment is generally not important from the point of
modelling fire development (although structural/mechanical considerations may be important),
it may be more significant when venting through small orifices is included. Here, the
difference in pressure between the inside and o utside will have a strong bearing on the flow
rate through the opening.

JASMINE adopts the usual assumption adopted in ‘low speed’ CFD models and treats the air
as weakly compressible, i.e. density is defined as a function of temperature and species
concentration. The coupling between pressure and density, included in ‘high speed’ fully
compressible models, is ignored. Whether this is important for ‘nearly sealed’ compartment
fire simulations is not clear. CFAST does not solve for conservation of momentum,and the
bearing this may have on the door crack scenarios is also not clear.

Further JASMINE analysis of the door crack scenario for Part | has been undertaken since
the third meeting of the collaborative project. By defining a 30% radiation loss explicity, and
switching off the radiation model, the period of over-pressure inside the room was followed by
a period of under-pressure and associated inflow of outside air. This behaviour was predicted
by CFAST, albeit with significantly higher over -pressure. Interestingly, using a volume heat
source instead of a combustion model resulted in a higher over-pressure (approximately 120
Pa peak), and again a subsequent period of under-pressure and air inflow. The effect of
replacing the door crack with a square opening of equivalent area was investigated,
producing a similar result but, as expected, a reduced level of over-pressure. Figure 12 shows
the JASMINE pressures for the original base case and also the above modified scenarios.
Figure 13 shows that a period of inflow follows, as expected, if the pressure inside the room
decreases below ambient.

Clearly the thermodynamics of fire within a ‘nearly sealed’ compartment is a complex issue
that has received much less attention by the fire safety community than fire inside enclosures
with at least a moderate level of venting to the outside. Further work in this area is
recommended.
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For Part Il, both JASMINE and CFAST indicated again that target cable damage was unlikely.
Oxygen depletion was a significant feature inthe door crack cases for Part I, with both
models predicting oxygen consumption after about ten minutes. Figure 14 shows the upper
layer temperatures predicted by CFAST for the base case and cases 3 and 6 with the larger
fires. Figure 15 shows the JASMINE gas temperatures at the target locations for the door-
crack scenarios with the smaller fire. The peak temperature at the target location for the base
case is similar to the peak upper layer temperature predicted by CFAST. The actual LOL
value was not very significant, with the effect of reducing the LOL to zero being to allow
combustion to continue for a while longer before stopping due to a lack of available oxygen.

The effect of placing the burning cable tray at floor level was investigated with CFAST, and
this did have an influence on the level thermal hazard predicted. In particular, with the larger
(3 MW) fire the effect of more combustion occurring before the layer height reached the level
of the fire source was an increased upper layer temperature. Figure 16 shows that, combined
with a 0% LOL value, this resulted in predicted target surface temperatures that might signify
damage. Note that the difference in peak temperature for the three cases is most likely a
numerical effect of the model.

However, for both CFAST and JASMINE, a more sophisticated treatment of heat transfer to
the target cable, and the subsequent conduction of heat into the cable, would be required in
order to obtain more precise estimates of cable temperature and thermal damage. Itis likely
that the main contributing factor to cable damage for the scenarios like those of Part Il would
be due to radiative heat transfer from the flaming region, which in cases where the fire source
is close to the target cable could be sufficient to cause thermal damage. However, as posed,
the Part Il scenarios did not allow for this process to be addressed realistically. This was due
to the burning area of the fire source being approximated as the entire length of the source
(burning) cable, which obviously reduces drastically the intensity of the fire source during the
fire growth phase.

In respect to the target orientation issue in CFAST, it was found for Part Il that upward facing
targets were exposed to greater thermal fluxes than downward facing ones. This was in
contrast to Part I, and indicated the importance of this aspect of user interpretation in setting
up a scenario.

For Part Il, the main discrepancy between CFD and zone model predictions was again in the
level of over-pressure in the door crack cases. However, the discrepancy was less than in
Part I. Figures 17 and 18 show that the peak over -pressure in the base case was
approximately 300 Pa with JASMINE and 750 Pa with CFAST. Furthermore, the CFAST
pressure predictions for the door crack cases in Part Il were not entirely convincing. As
illustrated in Figure 19, placing the cable tray fire source in the base case at floor level
resulted in the peak over -pressure increasing from 750 Pa to nearly 5000 Pa, which seems
out of proportion compared to the much more modest increase in temperature. Moreover, the
peak pressure in excess of 12000 Pa obtained when locating the 3 MW cable tray fire at floor
level is certainly surprisingly high.

Cases 9 and 10 of Part II, involving combinations of mechanical ventilation and open doorway

conditions, were undertaken with JASMINE. However, in Part Il it was not possible to obtain
sensible CFAST results with mechanical ventilation.
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Figure 3 JASMINE plume shape at 180 s with and without mechanical ventilation
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CONCLUDING REMARKS

BRE simulations of the benchmark exercise with JASMINE and CFAST indicate that target
cable damage is unlikely for either Part | or Part Il. In Part | this is a consequence of the small
fire size, while for Part Il with the bigger fires the effect of oxygen depletion was important.
Although the temperatures predicted by JASMINE and CFAST were broadly similar, the
pressure predictions for the door crack cases were not. For Part Il the over-pressure differed
by a factor of two, while in Part | the CFAST predicted over-pressures were a factor of ten or
more greater than for JASMINE. There are assumptions made in both models that may have
a bearing. However the issue has not been resolved yet, and requires further consideration.

Some other important issues remain, in particular in respect to modelling the fluxes to the
cable targets and the heat conduction within the target. Further work is required in developing
conduction models for cable type targets, and the task of modelling radiation from the flaming
region and hot gas layer to the target needs to be considered more carefully. Here the use of
CFD models, in combination with appropriate radiation models, may offer significant benefit.
Furthermore, to address properly the hazard associated with cable tray fires, some form of
fire growth/spread model may be required. The assumption that the entire length of cable tray
burns from the start of the fire under-estimates the potential the potential thermal damage to
the target cable during the growing stage of the fire.

Although the results of the benchmark exercise would seem to provide confidence in using
either zone or CFD models to that type of scenario, it is felt that the problem of ‘nearly-sealed’
compartments needs further thought. The particular cases studied may have masked the
potential problems associated with such scenarios since other effects such as oxygen
depletion were here more important. However, in another situation the degree of pressure
build-up, and the associated venting and reverse-venting of air, may be more crucial.

The next stage of the collaborative project will need to consider more carefully the limits of fire
models for other types of scenario. Here, issues such as the limitation of zone models for very
large or complex geometries, or the presence of complex mechanical ventilation systems,
need addressing.
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1 COMPUTER CODE

All calculations were performed applying the multi-room zone model CFAST [1], most actual
version 4.0.1. The older Version 3.1.6 could not be used because all available personal
computers (PCs) were running under Microsoft WINDOWS NT operation system. Testing CFAST
version 3.1.6 on a WINDOWS 98 platform also failed. PCs (without hardware handicaps) with

WINDOWS 95 operational system were not available.
All the information referring to the model or the computer code was taken from

- NIST TN 1431: A technical reference for CFAST: An engineering tool for estimating fire and
smoke transport. January 2000, [1],

- NIST Special Publication 921 2000 Edition: A user’s guide for FAST: Engineering tools for
estimating fire growth and smoke transport. January 2000, [2],

- NIST Technical Note 1299: CFAST, the consolidated model of fire and snoke transport.
September 1995, [3]

- personal information given by Mr. G. Blume (iBMB of TU Braunschweig), who performed a lot
of calculations with CFAST 3.1.6 in the past.

In our opinion it does not make a strong difference whether CFAST version 3.1.6 or version 4.0.1
is used. Comparing the manuals of these two program versions, no changes in the physical basis
were found. Applying the more actual version does not seem to be as comfortable as the older

one because the grafic user interface (GUI) FAST is no longer available and creating an input
data file is a little more difficult.

2 BENCHMARK EXERCISE PART |

2.1 INPUT DATA FOR PART I

All the information was taken from “Benchmark Exercise #1. Cable Tray Fires of Redundant
Safety Trains”, revised September 11, 2000, [4].

The thermophysical data for walls, floor and ceiling as well as for the PVC insulation material of

the cables were put in a new file THER_ST.DF as well as THER_ST.NDX. The cable of tray A
was described on the one hand as a target, on the other hand as an object. Using the object
model, a set of new files (OBJE_ST.DF, OBJE_ST.NDX) for the object properties was set up.
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In each case of part | tray A was treated as an object or as a target. Preliminary calculations had
shown that there is a considerabk difference in the results using the unconstrained or the con-
strained fire algorithm. Therefore, these two algorithms were used in the calculations of the base
case and of the cases 1 to 5. These two additional parameters lead to four different calculations

for each case.

2.2 RESULTS OF PART |
2.2.1 Distance between tray A and trash bag (base case and cases 1 - 3)

From the base case up to case 3 the fire as well as the ventilation conditions were not changed.
Therefore, it is obvious that the temperature of the upper and the lower layer, the depth of hot gas
layer, the heat release rate and the oxygen content did not change either. The time curves of
these parameters are shown inFigure 2.1 - Figure 2.5.

The course of the parameter describing the fire itself or the upper and lower layer is not affected

by using different models (object or target) for tray A.

Starting the calculations, it was expected that in case of using constrained fire algorithm (fire type
2) the heat release rate is limited by oxygen consumption. But this did not happen, the heat
release rate of the main fire (trash bag) is not affected by lack of oxygen (Figure 2.4). The oxygen
content in the lower layer is not reduced by the trash bag fire Figure 2.5). In the upper layer,
there is a high amount of oxygen until the end of the simulation time, too.

Although it is not mentioned in the CFAST manuals, the two types of fire lead to ptally different
results with respect to the layer temperatures. Using the constrained fire algorithm, much higher
upper and lower layer temperatures were calculated. This is surprising, because the interface
height did not seem not to be affected (Figure 2.3) by the fire algorithm. But most surprising is the
fact that in all runs of the program the surface temperature of tray A (as well as ceiling, walls and
floor) is higher if the unconstrained fire algorithm is used, resulting h a lower gas temperature
(Figure 2.6). For the analyst, it seems that something went wrong in calculating the convective
and radiative heat flux on the target surface. Maybe in case of the unconstrained fire absorption
by carbon dioxide and water vapour in the gas layers is ignored: Without absorption the layers do
not heat up as much and the radiative heat flux on the ceiling, walls, floor and targets is higher, so

that the surface temperature increases.
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Part I: Base case, case 1 - case 3
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Figure 2.7 Surface temperature of tray A, unconstrained fire (base case, cases 1- 3)

Comparing the surface temperature of tray A for different distances between the main fire (trash
bag) and the target (base case, cases 1 - 3) is more amazing: Increasing the distance between
target and heat source leads to an increase of the surface temperature (Figure 2.7), the opposite

was expected.

As originally the x-position of the target (tray A) was fixed and the position of the main fire (trash
bag) was moved in xdirection, further calculations were performed to find out what has gone
wrong: Using the unconstrained fire algorithm (type 1), defining the door closed and the
ventilation system switched off, the main fire (trash bag) was fixed in the center of the room (x-
position 4.55 m), and the target (tray A) was moved in xdirection to get the distance of 2.2 m,
0.3m, 0.9 m and 1.5 m between tray A and the trash bag. Looking at the results of these
additional calculations (Figure 2.8), the amazing result is reasonable: The x or y-position of a
target does not affect the result of surface temperature, it was always treated as if it is positioned
in the centre of the compartment. Only the position of the main fire (trash bag) will affect changes
in the surface temperature of targets or objects. This weakness in the heat transfer model of
CFAST is not mentioned in any manual. Due to this, in the former calculations the distance

between tray A and trash bag was treated by the program as 1.15 m (base case), 3.05 m (case

H-10



INSTITUT FUR BAUSTOFFE, MASSIVBAU UND BRANDSCHUTZ

1), 2.45 m(case 2) and 1.85 m (case 3), giving reasonable results for surface temperature (Figure

2.7) calculations.

Part |

Unconstrained fire (type 1): Target (tray A) surface temperature

302.84
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302.83 (position of trash bag fixed f
in the centre): i
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Y
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\
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\, / ’\‘ /
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Figure 2.8 Surface temperature of tray A, constrained fire, position of trash bag fixed

2.2.2 Ventilation conditions (base case, cases 4 and 5)

The effects of different ventilation conditions should be shown by comparing the results of base
case calculations and calculations with open door (case 4) or active ventilation system (case 5,

case 5b).

It has been mentioned before that there have been some problems running CFAST with forced
inflow (case 5). In this case, the oxygen content decreases until there is no more oxygen in the
upper layer (Figure 2 9). It seems obvious that pure nitrogen was pumped into the compartment.
There was no possibility in the input data file of CFAST to define the composition of the gas,
which will be sucked in from the anbient into the compartment by a duct system. This problem did
not appear in case of natural ventilation if the door is open (case 4). Thus the me chanical
ventilation system was redefined: Concerning the following calculations, the outflow is managed
by a fan and instead of the forced inflow a natural vent for horizontal flow is created to allow air to

flow into the compartment (case 5b).
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Part I: Case 5
Constrained fire (type 2): Oxygen content
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Figure 2.9 Oxygen content (case 5)

If an exchange of gases between the compartment and the ambient air is possible using openings
as the door or a mechanical ventilation system, the temperature of the upper layer decreases
nearly in the same magnitude (Figure 2.10, Figure 2.11). The increase in the lower layer
temperature (Figure 2.12, Figure 2.13) and the decrease of the oxygen content in this layer are
no longer important. Looking at the depth of the upper layer, which is not influenced by the fire
type (Figure 2.14), and the oxygen content of this layer (Figure 2.15) it is discernible that the
mechanical ventilation system (case 5b) is more effective than the natural ventilation by the open
door (case 4). In case of the door opened or the mechanical ventilation system being active the

surface temperature does not increase as much as without ventilation (Figure 2.16, Figure 2.17).

It has to be admitted that the increase of the oxygen concentration in the lower layer in case of an
active ventilation (case 4, case 5b) is not reasonable. It has to be checked if the composition of
ambient air and the air in the compartment at the beginning of the simulation are identical. It does

not seem to be possible to define the gas composition in CFAST.
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Part |
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Figure 2.12 Lower layer temperature, unconstrained fire (base case, case 4, case 5)
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Figure 2.13 Lower layer temperature, constrained fire (base case, case 4, case 5)
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Part I: Case 4
Door: Flow from upper layer to outside
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Figure 2.20 Mass flow rate through the opened door (upper layer- outside)

If the door of the compartment is opened (case 4), only lower layer gas flows out of the compart-
ment. After approximately 2 minutes the interface reaches the top of the door, the gas flow from
the upper layer to the outside starts, and the gas flow from the lower layer to the outside
decreases (Figure 2.18, Figure 2.19, Figure 2.20).

In case 5b (mechanical ventilation system on but only for outflow, inflow by natural ventilation),
the gas flows only in one direction through the opening (vent 1) from the outside into the lower
layer (Figure 2.21). On the other hand, the fan sucks gas out of the lower layer until the interface
reaches the bottom of the duct system opening. After that the fan sucks gas out of the upper
layer.
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Part I: Case 5b
Vent I: Flow from outside into lower layer
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Figure 2.21 Mass flow rate through air inlet (outside - lower layer)

Part I: Case 5
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Figure 2.22 Mass flow rate of fan (lower layer - outside)
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Part I: Case 5b
Forced outflow: Flow from upper layer to outside
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Figure 2.23 Mass flow rate of the fan (upper layer - outside)

Having a closer look at the pressure in the compartment it becomes visible that the base case is
not realistic because the walls of the compartment (as well as the dampers of the ventilation
system) have to resist a pressure of more than 10000 Pa (igure 2.24). Even if a gap of 5mm
width under the door is assurred the pressure will reach a level of more than 1.000 Pa. If there is
a sufficient ventilation area in the compartment like the open door (case 4), the pressure dif-
ference is very small (Figure 2.25). The pressure in the compartment hardly reaches the limitation
of the fan in case of air being pumped into the room by a mechanical ventilation system (case 5),
although another fan with the same sucks gas out of the compartment. Figure 2.26). At least, if
the mechanical ventilation system consists only of a fan sucking out gas and air flows into the
compartment by natural ventilation (case 5b), the pressure inside the compartment is below
atmospheric pressure (Figure 2 27).

In this context, it has to be pointed out that all results and statements are only valid in this special

case of a very small fire of at least 350 kW heat release rate.

H-20



INSTITUT FUR BAUSTOFFE, MASSIVBAU UND BRANDSCHUTZ

Part I: Base case
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Figure 2.24 Pressure (base case)
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Figure 2.25 Pressure (case 4)
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3 BENCHMARK EXERCISE PART Il
3.1 INPUT DATA FOR PART Il

The thermophysical data for the walls, floor and ceiling as well as for the PVC cable insulation
material were put in the former mentioned file THER_ST.DF as well as in the file THER_ST.NDX.
As the heating of an object is treated like the heating of a target, only the object model of the files
(OBJE_ST.DF, OBJE_ST.NDX) was used for cable tray B in part Il. In all examined cases of part
Il both fire algorithms (unconstrained, constrained) were used. Using fire type 2 (constrained fire,
the time curves of variables HCI, HCr, OD and CO were additionally specified. CFAST cannot
treat a variable position of an object or target in the horizontal plane, therefore it was assumed
that the object / target (tray B) was positioned in the center of the compartment and the main fire
(tray A, C1, C2) was moved in y-direction to get the distances of 6.1 m, 4.6 m or 3.1 m (not in x-

direction, because the compartment is not wide enough).

The mechanical ventilation system in case 9a and case 10 was defined in the same way as in
case 5b of part I. To run the simulations for case 9, the variable CVENT was used, and two points
were added to the time curve of the 1 MW cable fire.

The user of CFAST is not able to specify the volume flow rate of a forced ventilation (an option,
which is included in the older zone model HARVARD 6) or to specify the capacity of a mechanical
ventilation system as a function of time. Trying to run a simulation for a problem time of up to
15 min (with mechanical ventilation system being active and door closed) creates a restart file for
this point of time. A restart of the simulation with a modified input data file (switch off mechanical
ventilation system and door open) also failed. Therefore, case 9 was calculated on the one hand
with mechanical ventilation (called case 9a) and without a mechanical ventilation system (called

case 9b) on the other hand, while the door is opened after 15 min simulation time.

To run case 13, the file OBJE_ST.DF was modified: Instead of a panel thickness of 50 mm (third
value in line 3) a thickness of 15 mm was applied to simulate a typical NPP specific

instrumentation cable. Since the variations of the object elevation or thickness did not effect the
surface temperature, case 11 to case 13 will not be mentioned anymore.
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3.2 RESULTS OF PART I
3.2.1 Heat release rate

Using the unconstrained fire algorithm (type 1) the heat release rate reached the predicted level
of 1 MW, 2 MW or 3 MW (Figure 3.1). On the other hand, if the constrained fire algorithm was
used, the development of the heat release rate was limited by the position of the upper layer and
the oxygen content of this layer.

Without natural or forced ventilation the heat release rate reached 1 MW (base case), stayed on
this level for a short time period until there was no more oxygen in the upper layer. After that, the
heat release rate decreased rapidly. A maximum value of about 1.3 MW was reached, although a
peak heat release rate of 2 MW or 3 MW had been defined. After reaching this value the heat
release rate decreased rapidly.

The heat release rate of the 1 MW fire was affected by opening the door after 15 min simulation
time (Figure 3.2): The heat release rate did not increase as expected, but it decreased rapidly
(base case - case 9b). More astonishing was the fact that the decrease of the heat release rate
started earlier, if the mechanical ventilation system was active all the time (cases 9a, 10). This
behaviour could be explained when looking at the position of the interface Figure 3.15), which
was a little bit deeper in case that the mechanical ventilation system was running and the main
fire was placed in the pure oxygen layer at an earlier point of time.

In part |, the trash bag fire was very small (peak heat release rate of 350 kW) and did not last very
long. In addition, the trash bag was positioned near the floor, so that the fire was in the lower
layer and there was no lack of oxygen any time. In part Il, the distance between floor and bottom
of the main fire (cable fire of tray A, C1, C2) could influence the course of the heat release rate if
the constrained fire algorithm (type 2) was used. To demonstrate this effect, base case (1 MW),
case 5 (2 MW) and case 8 (3 MW) were modified so that the main fire was positioned on the floor
(z = 0.0 m). Locating the fire on the floor even the peak heat release of 3 MW could be reached
and kept for some minutes. If the fire was placed near the ceiling, it would be located inside the
upper layer (with very low oxygen content) very soon and the fire development would slow down
or stop. Therefore, a peak heat release rate of more than 1.3 MW could not be reached if the fire
was placed 3.4 m above the floor. The course of heat release rate of main fire for the different
cases is shown in Figure 3.3.
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Part Il
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Figure 3.1 Effect of fire algorithm: Heat release rate
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Figure 3.2 Effect of ventilation condition: Heat release rate
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Part 1l
Constraind fire: Heat release rate
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Figure 3.3 Effect of vertical fire position: Heat release rate

3.2.2 Layer temperatures and interface height

The distance between tray A, C1, C2 and tray B or the elevation of tray B do not affect the
characteristics of the upper or lower layer. The temperatures of the layers and their thickness are

mainly affected by the fire type, the heat release rate of the fire and the ventilation conditions.

Due to the fact that the fire growth is identical for the different cases of peak heat release rates
(1 MW, 2 MW or 3 MW), the courses of the upper layer temperature (Figure 3.4, Figure 3.5), the
lower layer temperature (Figure 3.6, Figure 3.7) and the interface height (Figure 3.8, Figure 39)
are identical up to 600 s simulation time in all cases without any ventilation opening (base case -
case 8, cases 11 - 13). Using the unconstrained fire algorithm (type 1), the course of these
parameters runs simultaneously in case of a 2 MW fire and a 3 MW fire until a value of 2 MW is
reached (840 s simulation time). The break in the course of the temperature and the interface
height occurs earlier (750 s simulation time) if the constrained fire algorithm (type 2) is used. After
reaching the break point (1 MW: 600 s, 2 MW: 840 s respectively 750 s), the temperature of the
upper and the lower layer and the interface height develop in their own way in each different case
of peak heat release rate.
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To explain the influence of the ventilation conditions, the results of the 1MW fire calculations
(base case, cases 9a, 9b, 10) have to be compared. Looking at the course of the upper layer
temperature Figure 3.10, Figure 3.11), the ventilation conditions seem to have only a limited
influence on the results. Obviously, the temperature of the lower layer is smaller if the door is
open from the beginning and/or the mechanical ventilation system is active (Figure 3.12, Figure
3.13). The lower and upper layer cool down after 15 min simulation time if the door has been
opened (base case - case 9b). In this case, there is also a discontinuity in the interface height
(Figure 3.14, Figure 3.15). The lower layer temperature and the interface height do not differ if the
door stays open all the time (case 10) or if it is opened after 15 min while the mechanical
ventilation system has been active from the beginning (case 9a). Only the lower layer temperature
grows a little bit higher if the door is closed at the beginning of the simulation and opened afte r
15 min (case 9b). The upper layer increases faster if the mechanical ventilation system is active
all the time (case 9a, case 10).

The course of the upper layer temperature (Figure 3.16) is not affected by the fire algorithm used
in the calculations until 600 s simulation time. But from 600 s until the point of time when a lack of
oxygen occurs a faster increase of temperature is calculated using the constrained fire algorithm.

This effect has also been observed in the simulations of part I.

Part Il
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Figure 3.4 Effect of heat release rate: Upper layer temperature, unconstrained fire
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Figure 3.5
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Figure 3.7
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Using the unconstrained fire algorithm (type 1), there is no restriction in the heat release rate. On
the other hand, a maximum heat release rate of less than 1.5 MW is reached in case of using a
constrained fire (type 2). In this case, a higher temperature of the upper layer is calculated until a
lack of oxygen occurs. An increase of the heat release rate of course leads to an increase of the

upper and lower layer temperatures and a decrease of the interface height.

Using the constrained fire algorithm (type 2), the oxygen contents of the upper and the lower layer
are calculated. Neither the definition of the peak heat release rate nor the ventilation conditions
seemed to have any remarkable influence on the oxygen content of the lower as well as of the
upper layer (Figure 3.17).

It has been demonstrated that the vertical fire position has a strong effect on the course of the
heat release rate. Using the same configurations and placing the fire on the floor level, the
changes in the course of the upper layer oxygen content are calculated (Figure 3.18). The heat
release rate decreases rapidly at that point of time at which the value of the oxygen content in the
upper layer decreases to less than 1 %.
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Figure 3.17 Effect of heat release rate and ventilation condition: Oxygen in the upper layer
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Part Il
Constrained fire: Oxygen content
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Figure 3.18 Effect of vertical fire position: Oxygen in the upper layer

If the mechanical ventilation system is active or the door is opened, only the upper layer tem
perature is affected. In case of using the unconstrained fire algorithm (type 1) it is slightly lower.
The lower layer temperature is significantly lower in case of an additional ventilation and the in -
terface height increases. In case of the door being opened and the mechanical ventilation system
switched off (case 9b) the lower layer temperature reaches the lowest and the interface height

reaches the highest level.

3.2.3 Mass flow rate of the mechanical ventilation system and through the opened door

Only in the cases 9 and 10 the door was assumed to be opened and the mechanical ventilation
system was assumed to be used. As mentioned above, it was not possible to simulate
deactivating the mechanical ventilation system while the calculation is still running, although it is

possible to open or close a natural vent such as the door (using parameter CVENT).

The flow rates through the door and the vent (natural inflow) or the ducts of the mechanical ven -
tilation system (forced outflow) are nearly independent of the fire algorithm until the fire is con-
strained by lack of oxygen. With very few exceptions, from this point of time the mass flow rates
into the compartment and out of the compartment are higher if the constrained fire algorithm is

used.
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If there is no additional mechanical ventilation system (case 9b), nearly the same amount of gas
flows through the door (after it has been opened) from outside into the lower layer as from the
lower layer out of the compartment (Figure 3.19). As soon as the door has been opened while the
mechanical ventilation system is running from the beginning (case 9a) the flow rates through the
door become very soon equal to the flow rates calculated in case of the door being open all the
time (case 10).

If there is no additional vent such as the door, a considerable amount of air flows into the lower
layer through the vent (inflow) of the ventilation system (Figure 3.20). This mass flow stops and
changes its direction (lower layer to outside) after the door has been opened (case 9a). Most of
the gas, which is pumped throug h the ventilation system out of the compartment, is taken out of
the lower layer (Figure 3.21). After 50 min simulation time a small amount of gas is also taken out
of the upper layer (case 9a, case 10). The flow rates through the open door are not affected very
much by the mechanical ventilation system. As soon as the door is opened the flow through the
vent from outside into the lower layer stops.

Part 11:
Constrained fire, 1 MW: Flow through the door
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Figure 3.19 Effect of mechanical ventilation system: Mass flow rate through the door
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3.2.4 Target surface temperature

Starting the calculations of Part Il it was checked, whether the physical model of heating an o bject
or target acts as in Part |, indicating that an object will always be assumed as being positioned in
the center of a horizontal plane in the compartment. Obviously this happened, although the

surface temperature is independent of the horizontal object position.

All other calculations of Part Il were performed assuming that tray B (object / target) is placed in
the center of the compartment (4.55 m, 7.6 m) and the main fire of tray A, C1, C2 (main fire) is
moved in ydirection to get the distance D of 6.1 m (4.55 m, 1.5 m), 3.1 m (4.55m, 4.5 m) or
4.6 m (4.55 m, 3.0 m). Prior to this calculations it had been demonstrated that it does not matter if

the main fire is moved in x- or in y-direction.

The distance between the main fire of tray A, C1, C2 and the target tray B has only a minor effect
on the surface temperature in case of an unconstrained fire Figure 3.22). The differences
between the maximum surface temperatures are small as well (Table 3.1). In case of a
constrained fire the temperature does not increase very much (Figure 324). It does not make a
difference whether the maximum heat release rate is 2MW or 3 MW. This result is reasonable,
because the calculations show that this level of the heat release rate is not reached. The distance
between main fire and target has only small effects on the maximum surface temperature (Figure
3.26). The differences of the maximum surface temperatures are only 0.2- 0.4 K.
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Part Il
Unconstrained fire: Target (tray B) surface temperature
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Figure 3.22 Effect of heat release rate and distance: Target (tray B) surface temperature
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Figure 3.23 Effect of ventilation condition: Target (tray B) surface temperature
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Table 3.1 Maximum target (tray B) surface temperature
Case heat release rate |distance maximum surface temperature
unconstrained fire | constrained fire
1 1MW 31lm 353.33K 316.22 K
2 46m 352.17 K 316.47 K
base case 6.1m 349.94 K 315.77 K
3 2 MW 31lm 413.33K 318.70 K
4 4.6 m 411.56 K 318.45K
5 6.1m 408.08 K 318.02 K
6 3 MW 31m 480.25 K 318.77 K
7 4.6 m 478.25 K 318.53 K
8 6.1m 474.22 K 318.09 K

In case of an unconstrained fire the maximum target (tray B) surface temperature is
approximately 6 K lower if the is door opened or the mechanical ventilation system running
(Figure 3.23). In case of a constrained fire, the maximum surface temperature is approximately
1.8 K lower if the mechanical ventilation system is running (Figure 3.27). In case that the
mechanical ventilation system is not running and the door is opened after 15 min fire duration the
temperature decreases a little faster (Figure 3.27).

4  CONCLUSIONS

The multi-room multi-zone model CFAST, version 4.0.1 has been applied has been applied to
perform the calculations for the Benchmark Exercise # A ‘table tray fires of redundant safety
trains”. In Part | of this exercise the base case and five additional cases with varying distance
between the trash bag as an ignition source and the tray A on the one hand and the ventilation
conditions on the other are calculated. In addition, two fire algorithms are used. Defining a cable
fire of ray A, C1, C2 the effects on cable tray B are studied in Part Il of the Benchmark exercise.
In this case, three different levels of heat release rate, different operation modes of the ventilation
system, and door status as well as different cable diameters and tray elevations should be
investigated.

The results calculated using the constrained fire algorithm seem to be more realistic. Neverthe -

less, there are some uncertainties. Particularly the upper layer temperature differs slightly in case
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of a sufficient oxygen amount available comparing the two fire algorithms. The gas temperature
and the layer thickness are calculated convincingly by CFAST. The mass flow rates through
natural vents seem to be plausible. It is necessary to describe the main fire in more detail by
defining the pyrolysis rate, the effective heat of combustion and the yields of combustion
products, such as carbon dioxide, carbon monoxide and hydrochloride. It is obvious that the

vertical position of the main fire has a strong influence on all results.

The computer code CFAST is not optimal for the Benchmark Exercise # 1 because the heat
transfer to a target, as a main task of this exercise, is calculated by a very rough model. Due to
this, no quantitative results can be produced. In addition, the forced ventilation model does not
work in case of inflow. The composition of the incoming air seems to be wrong. Since it is not
possible to define a time dependent fan power, switching the forced ventilation on or off cannot be
simulated, but a mechanical ventilation system is a main tool to remove hot gases out of a fire

compartment in a nuclear power plant.

Although CFAST does not seem to be appropriate for all of the questions of the given Benchmark
Exercise, it is a very useful engineering tool for estimating fire and smoke transport in several
other cases. The results of the CFAST calculations can be used to answer special questions such
as heating of targets with more detailed models.
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